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I, Introduction 

This is the final report on year 2 of NftSA contract NfiS9“14249 vdiich was 
held by the Department of Surgery of Harvard Medical School at the Peter Bent 
Britain Hospital/ Boston/ Massachusetts 02115 from September 1, 1975 - Septora- 
ber 30, 1976. 

The research cxjnducted under this contract investigated the mechanisms 
that underlie the internal synchronization of the circadian (approximately 24 
hoiar) variations in electrolyte content in bo(^ ccnpartments and examined the 
significance of these circadian oscillations for manned ^acef light. The 
research program utilized an unanesthetized , chair-acclimatized monkey prepara- 
tion vdiich the principal investigator developed in the laboratories of the 
Department of Physiology, Harvard Medical School. 

II. Background 

Circadian rhythms in biological variables axe one outward manifestation 
of an inportant evolutionary adaptation to life on a rotating plant: the 

abilii^? to measure time. This capability enables organisms to predict the 
major changes in environmental conditions and the consequent alterations in 
food supply and predator activii^^ vhich occur with a 24-hour periodicity be- 
cause of the earth's rotation. Thus, for example, adaptive physiological and 
behavioral responses v^ch may take several hours to be activated can be ini- 
tiated in advance of the predicted environmental challenge, or events where 
timing may be critical for survival, such as emergence in flies, can be timed 
to occur at the point of maximum environmental advantage. 

There is now considerable evidence to indicate that such circadian time 
measurement is the product of an oscillating system within the organism. The 
responses of this oscillating syston to manipulations in environmental time 


cues are now well established ^ but current loiowledge of the anatcmlcal and 
physiological organizatim of the circadian tiitiing systeams within advanced 
multicellular organisms such as mamnals is still very limited. 

As man ventures out into space, it has beccsne particularly inportant 
to investigate the control of the circadian oscillating ^stem because of 
its iaportant adaptive functions under easrthbound conditions vdiich no longer 
apply in space. The circadian oscillations in physiological functions are 
normally synchronized to a strict 24-hour period when man is on the surface of 
the earth. In space however the oscillating conponents of the earth’s environ- 
meat vhich contribute to the normal external and internal synchronization of the. 
circadian system are no longer present, unless artificially supplied. It therefore 
becomes inportant to examine the effect of their absence, and to investigate the 
necessiig? for supplying circadian oscillations in the .'spacecraft environment to 
achieve optimal physiological functioning. 

A system that is particularly important to study in this regard oatprises 
the circadian oscillations in the body conpartmental distribution of electrolytes 
and fluids. Fluid and electrolyte balance is subjected to major perturbations in 
space, and additional imbalances due to circadian internal desynchronization could 
have potentially dangerous consequences. The research performed under this cxjn- 
tract investigated the internal synchronization of circadian rhythms in the 
squirrel monkey and examined the inplioations of this internal synchronization 
for the control of fluid and electrolyte shifts. Particular attention was de- 
voted to the causes and effects of internal desynchronization, a state where 
different circadian rhythms within the sante animal free-run with different periods, 
indicating that separate oscillating components of the circadian tianing system 
have lost teirporal coordination with each other. 


III. Experimsntal Studies 

The ei5)erliasntal work perfofnned under the second year of this contract 
used primarily the cha i . r -aoclimatized squirrel monkey system. As a background 
a brief review of a) the experimental rrethodology and b) the vaork lasing this 
monkey preparricion during the first year of this contract are discussed. 

A) Bigierimental system (Figure 1) 

The ea^erimental work utilized a chair-acclimatized squirrel monkey 
^stem developed in this laboratory. This system, vMch is particularly 
suited for later Spaoelab studies, is described in detail in the attached 
publications emanating from this program. In brief, the animals sat in the 
chair, restrained only around the waist. The animals were trained to qperate 
a level to gain food pellets, vAiidh were continuously available. The timing of 
each food pellet gained was recorded on a oontinuoias paper record and the data 
manually digitized to obtain an hourly rate. Urine collections were continuously 
collected frciti a padded funnel snugly enclosing penis and scrotum. This arrangemen 
assured the collection of urine saitples uncontaminated by fcxxi debris or feces. 

The urine passed throu^ a tube from the funnel to a fraction collector vhidi 
collected the urine in two hourly aliquots. The fraction collector could be 
accessed without distuibing the monk^ for the daily removal of the urines. 

Environmental illumination, tenperature and auditory and social stimuli 
were controlled by conducting experiments within an isolation chamber. Within 
this chamber, tsiperature was maintained at 25 ± 1“C, external auditory stimuli 
were muffled by noise soiiroes (91 dB, RE: 20 yN/m^) within the chamber and 

illuminations was provided at 600 lux frcm 08:00 lir - 20:00 hr EOT and <1 lu>: 
frcm 20:00 hr - 08:00 hr (ID 12:12) daily. Ej^jeriment appamtus was controlled 
by an automatic programable switchboard which provided timing, counting and 
orecording functions . 





B) First year of research oontract 

(i) Introduction 

In rcost steady-state situations within an individual subject the various 
oscillating physiological vjytlables with a circadian period are "internally 
^chronized" with one another. This means that they demonstrate identical 
periods and stable phase relationships whether they are synchronized with 
environmental, time cues or free-running in constant conditions. 

Previously it had been suggested that the phenomenon of internal ^chroni- 
zation iirplies that the circadian timing ^stem consists of a single self-sus- 
tained oscillator and that circadian rhythms represent passive responses of 
physiological systems to an oscillating driving force transmitted from the driving 
oscillator, or "circadian clock". However, it is not necessary to conclude that 
there is only one oscillator. A multioscillator system would also be ccnpatible 
with the observed properties of the circadian system provided that the various 
oscillators were coupled with one another so that internal syncdironization was 
maiiitained. Vfe accordingly developed three altamative models of the circadian 
timing system. Each can account for the phenomenon of internal synchronization 
while at the same time being corpatible with the known responses of circadian 
systems in multicellular animals to manipulations of environmental time cues, 

(ii) Alternative models of the circadian timing system 

Three Tnndels of the circadian timing system are presented in Figure 2. 

Minor variants of these models, or cosiibinations of their features are also 
possible, but the models presented here errjhasize the contrasts between certain 
possible organizations of the circadian system. 

Model I, vMch was proposed by Mills but has been assumed in many other 
investigations of the circadian timing astern, consists of a network of cellular 
^sterns (A,B,C,..., etc.) vMch passively oscillate as a forces response to a 
single self -sustained driving oscillator (D.O.). Whesre these cellular units are 


Figure 2 
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Three alternative models of the mammalian circadian timing system. The 

symbol ^ represents an active cellular unit cap^le of maintaining a 
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self-sustained oscillation with its own independent period; □ represents 
a cellular unit that responds passively to an oscillating driving force; 

'\j indicates the oscillating concentration of a chemical mediator; in- 
dicates the entrainment of a self-sustained oscillator by a phase-response 
itBchanisra; and — ^ is the direction of flow of passive responses to an 
oscillating driving force. Model I is tlierefore a single oscillator systan 
vhereas the other models are multioscillator systems arranged in a hierarchical 
(Model II) or non-hierarchical (^5odel III) nmnner. 



non-ccntiguous in a multicelliolar animal/ the model requires that oscillating 
levels of physical or diemical mediators be postaala t ed (a/b/C/..., etc.) / with 
the period of D.O. but not necessarily the same phase. Ihese mediating systems/ 
which would presumably be nervous (neuro-transmitter release) or endocrine 
(hormonal concentration) , would transmit the phase. ®ie entire circadian 
^stem would be entrained by environmental time cues via exteroceptive 
sensory inputs to the driving oscillator. 

Model II describes a network of cellular units which are each themselves 
self -sustained oscillators, able to maintain oscillations with an independent 
period in the absence of periodic inputs. Qr^e, oscillator (D.O.) acts as a 
pacemaker and is entrained by' exteroceptive sensory inputs from environmental 
time cues. As in Model I it is necessary to postulate oscillating nervous or 
endocrine mediators which maintain synchronization within the animal. However, 
the mediators in this jnodel actively entrain the self-sustained cellular os- 
cillators by a phase control mechanism similar to the entrainment of the organ- 
ism's circadian ^stean by cycles of environmental illianination. 

Model III also describes a multioscillator model but in this case no one 
oscillator consistently acts as a pacannaker. Instead the various exteroceptive 
sensory inputs entrain different oscillators. Internal synchronization withui 
the system is maintained by the positive and negative feedback action of mediators 
(a,b,c,.../ etc.) on the separate oscillating units (A/B/C,..., etc.). As in 
Model II, the mediators synchronize the oscillators by active entrainment- 

(iii) Demonstration that the circadian timing systsn is an organization 
of multiple oscillators 

Under the first year of this contract we provided strong evidence si^iporting 
the concept of a multioscillator ciixadian systom in the squirrel monkey, khere- 
ever there is ocnparable human data it is strongly suggestive that this multi- 
oscillator organization is also true for man. ®ie various ejqjeriments leading 
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to this concept were described in the last annual report, but will be sum- 
inarized here. 

Vfe found in the squirrel moiikey that circadian rhythms in certain physio- 
logical functions take longer to resynchronize after a phaseshift of the environ- 
iiEsntal light-dark cycle than do others, so that the various monitored circadian 
ihythins demonstrate different transient periods and alte3:ed phase relationships. 

Seven bdiavioral and physiological variables were monitored continuously within 

] 

each individual animal. After an 8 hour phase-delay of a ID 12:12 light-dark 
cycle, the various monitored li^thms resynchronized at different rates with the 
new phase of the light-dark cycle (Figure 3) . For exaitple, activity, feeding, 
drinking and body bertperature rhythms resynchronized within 3-4 days vAiile the 
resynchronization of the urinary rhythms of potassium, sodium and water excretion 
took approximately 7 days. I 

Vfe have observed prolonged internal desynchronization occurring spontane- j 

ously between different rhythmic variables in squirrel monkeys studied in constant i 

i 

light in isolation. An exanple of such an event is shown in Figure 4. After a 
monk^ h.ad been placed in constant light, the circadian rhythm of body temperature : 

demonstrated a 23.0 hr period vhereas the circadian rl^ythm of feeding had a 26.2 hr 
period. The length of this particular experiment was too short to determine 
vhether this was a transient internal desynchronization during internal phase 
angle adjustments or a more steady-state condition. However, in other ej^riments 
we have observed internal desynchronization continuing over longer periods of 
observation. 

These demonstrations of internal desynchronization between the circadian 
rhythms within an organism are incxstpatible with a single oscillator model but 
would be predicted by a model, such as II or III in Figure 2 to occnn: vhenever 

5 

the cxJipling information bettveen individual oscillatcars was lost. i 
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Flgure 3 


TIME Et-APSED (hn) 



Hesponse of the phase of seven rhythmic variables in squirrel monkeys 
to an 8-hour phase-deiay of the i Ight-cJark cycle. Each variable 
gradually resyncbrohlzed with the new light-dark cycje phase but at 
differing rates so that transient Internal desynchrnniantion was 
observed. 
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Figure 4 
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20 40 60 80 100 120 
HOURS IN CONSTANT CONDITIONS 


Internal desyncbronlzatlon of t\<»o rhythmic variables (feeding and body temperature) 
in a squirrel monkey placed in constant conditions (l.h). Tim phase of each rhythm 
determined by phase Clttlna a 24 hour period sinusoid to successive windows of 
the time serlesi is plotted on the ordinate, and elapsed time on the abclssa, I’er- 
eisting Internal desynchronization over much longer periods of time has also been 
observed. 
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Concurrent work in the laboratory has borne out another of the predictions 
of the nniltioscillator system. We have been ^le to maintain tissues in vitro 
and stiK^ their rhythmic properties. For eaianple, red blood cells in vitro 
continue to show circadian rhythms in enzyme activity, suggesting that indi- 
vidual cells have a circadian oscillating capability. 

The question of cutinunication between the various oscillators, so that 
they remain normally internally synchronized, has also been studied. In the 
first year of this contract we demonstrated that the circadian rhythm of plaana 
cortisol concentration acted as an internal mediator synchronizing the circadian 
rhythm of urinary potassim excretion with other rhythms within the organization. 
Figure 5 shows the effect of phaseshifting the timing of cortisol administration 
in an adranalectomized animal when the light-dark cycle was maintained at a 
fixed phase. 

C) Second year research programs 

The research perfornEd during the secaond year of this contract can best 
be suttmarized under the foiling headings: 

(a) Physiological mechanisms prcttioting noonal circadian internal synchonizatio 

(b) Factors precipitating internal desynchronization 

(c) Pathopi^siological consequences of internal desynchronization of 
particular relevance to spaceflight. 

arui (d) Validation of chair-acclimatized system. 
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Figure 5 



ALDOSTERONE 

PHASESHIFT 

ELAPSED TIME (hrs) 


Phaseshif ts of the rlr^thms of urinary potassium excretion (solid line) and 
feeding (intem^Jted line) in response to an eight-hour phase-delay of the 
time of cortisol administration in adrenalectondzed squirrel monkeys. The 
li^t-dark cycle phase was kept unchanged throughout the a^riment. All 
animals continued to feed with a rhythm synchronized to the light-dark 
cycle, but the ri^thm of urinary potassium excretion resynchronized with 
the new phase of cortisol adrinistration. 
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a) Physiological mechanisms promoting i«3mial circadLan internal 
synchronization 

These studies were aimed at determining the key physiological mec±anisnis 
which were responsible for the internal synchrony of circadian rhythms (parti- 
cularly of fluid and electrolyte shifts) in the squirrel monkey. Further ex- 
aminations were made of the (i) role of cortisol, (ii) the role of adEH and 
(iii) the role of the putative pacaonalter, the srqprachiasmatic nucleus (SCN) 
of the hypothalamus. 

(i) In the first year of the contract we showed that the circadian rhythm 
in plasma cortisol concentration acted as an internal ^nchronizing mediator in 
the circadian timing ^stem in the squirrel monkey. In the second year we \jsed 
this mediator to examine the specificity of this internal mediator, (i.e. , did 
it only synchronize the urinary potassium rhythm?) . Using adrenaleotonized 
squirrel monkeys with the circadian rhythms of adrenal steroids controlled by 
the intravenous infusion of replacement steroids, we studied the actions of 
this synchronizing mediator in animals maintained in constant conditions in IL 
so that they are receiving no other external time cues. Whether cortisol en- 
trained all circadian oscillations in the animal to its cwn period or only 
syncim^nized the urinary potassium rhytlmi could therdijy be tested. 

Mult male squirrel monkeys ware fasted overnight, preoperatively pre- 
pared with 0.2 cc of Atrophine Sulphate Solution i/m and then anesthetized 
with Halothane in oxygen. Bilateral adrenalectomy was performed and a chroni- 
cally inplanted venous catheter was placed in the internal iliac vein and then 
led out under the skin to the monkey's back. Once adrenalecfccndzed, the animals 
were given 10 gm cortisol intravenoxisly daily at 08:00 hrs. 
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After each animal recovered frcm the adrenalectcny for at least 2 weeks# 
it vTas again placed in the metabolism chair and continuous recordings of feeding, 
bocfy tenperatura, and urinary potassium, sodium and water excretion ware made. 

5he chronically inplanted catheters ware led outside of the isolation chamber 
by extension tubing and were infused with 0.45% saline solution at a rate of 
10 mg per day. From outside the chamber each day at 08; 00 hrs, 10 mg of corti- 
sol was infused into the venous catheter, without the animal being aware of the 
procedure. 

Four aniitBls vgere studied for 4 days in a light-dark 12; 12 cycle with 
lights on (500 lux) from 08; 00 - 20:00 hr daily as in control studies and then 
for 5-8 days of continuous light (600 li3x) with the monkey remaining in isolation. 
The 08:00 hr daily infusion of 10 mg cortisol was continued throughout LD and li 
phases of the experiment. Therefoie, during the LL phase the only 24 hourly 
input to the animal was the cortisol pulse because cill other environmental 
zeitgebers were excluded. 

Uie rhythmic outputs of the different monitored variables were analyzed 
by linear-nonlinear least squares iterative period analysis, in order to de- 
termine vhether each variable was oscillating with a 24 hcjur period or was 
free-running and therefore not synchronized to the 24 hour rhythm of coi±isol 
administration . 

Table I shows the urinary potassiim rhythm continued with a period of 
24.0 hrs and all other rhythms in the organism in LL had periods significantly 
different frcm 24.0 hrs. This suggests that the cortisol synchronizes the 
urinary potassium rhythm but no other monitored variables in the monJcey. This 
is indicative of the circadian timing system organized in a hierarchical manner 
as proposed in Model II, and further confirms the role of the circadian rhythm 
in plasma cortisol as an internal synchronizer of renal potassium circadian 
rhythms. 
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(ii) Next we examined the role of plasma ACEH concentration in synchroni- 
zing the circadian rhythm of plasma cortisol concentration. It is well kncwn 
that the pituitary content of ACEH and plasma ACEH concentration have circadian 
rhythms appropriately phased to the circadian rhythms of adrenal corticosteroid 
content and plasma corticosteroid concentration so as to suggest a causal con- 
nection. To evaluate whether the adrenal cortisol rhythm is under the direct 
cont3X>l of plasma ACEH or is synchronized with it in the same manner as we 
have described for the ^ndhroiuzation of the iirinary potassium liiythm by the 
plasma coirtisol rhythm, we have conducted a series of studies in hyjophysectcBiized 
monkeys given replacement ACEH. 

Using the procedure we have developed for hypophysecborty, adult male 
squirrel monkeys, previously trianed to accept chair restraint and the experi- • 
mental apparatus, were anesthetized by t±e methods described above and placed 
in a stereotaxic fraite. An 18 gauge steel needle was passed transorbitally into 
the sella turcica under X-ray visualization. A photograph of the placsient of 
the needle is shown in Figure 6. A dental X-ray machine is used (Raydex) and 

we have developed a technique using Polaroid film, which is sensitive to X-rays, 
to provide superior and lateral shots of the needle placement. Miltiple shots 
were taken as the needle is directed into the sella turcica. 

Once the position of the needle was confirmed in three dimensions by X-ray, 
a stainless steal electrode insulated except for 0.5 mm at the tip was passed 
through the needle so that the tip was in the sella turcica and a current of 
3 itiA was passed for 60 seconds before the needle and electrode were withdrawn. 

Ehe ocaiplete destruction of anterior pituitary tissue is verified by subsequent 
histology after the experiments are ocitpleted. Care is taken not to damage the 
contents of the sella turcica at the time of jemoval of the speciiton firm the 
skull and standard histological techniques are used. 



Figure 6. Superior and lateral views of the need, 
and electrode placement in the sella turcica of a 
squii.Tel monkey during hypophysectcmy. 
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Once the airimal is hypophysectcmzed, it was maintained with i/m daily 

« 

injections at 08:00 hrs of 2 units of (Acthar gel. Armour Pharmaceutical 

CcK^aai^) . [Note that the squirrel monies has a relatively hyperactive pituitary- 
adrenal syston] . Vfe have not found it necsssary to sv:©planent the animals during 
the first two to three months with any other replacement hormones and they 
appear to maintai n weight provided the regular ACTH replacement is given. 

At least two we^cs after operative procedures have been ocnpleted, the 
unanesthetized trained aninals vjere placed within the metabolism chair in the 
isolation chamber. The arterial catheter was eJdended to the outside of the 
chatiber to permit uninterrupted sarepling. The venous catheter was connected up 
to an infusion syringe outside the chamber providing 10 cc of 0.45% saline 
daily as a continuous infusion. This punp was set in parallel with aixother 
punp containing 3 units of ACTH (lyophylized Acthar for injection) in 3 ml of 
0.45% saline solution. An autcmatic timer switched on the ACTH and saline purrp 
from 06:00 hrs to 09:00 hrs daily and at the saite time switched off the syringe 
punp with only saline in vt. Thus the monkey receives under control conditions 
a standard 3 hourly infusion of ACTH which is repeated every 24 hours. At the 
same time the circadian rhythms of feeding, drinlcing and activity, body tenjjera- 
ture and urinary potassium, sodium and water excretion are continuously monitored 
with the animal in an LD 12:12 cycle. 

With the animal ronaining in ID 12:12 throughout, 3 units of ACTH were 
infused for 4 days between 06:00 and 09:00 hrs. On the fifth day and there- 
after, the same dose of ACEH was infused 8 hours later between 14:00 and 17:00 hrs' 
daily. Thus, the animal was subjected to an 8 hour phase-delay in the time of 
ACTH adininistration while all other paraneters are held constant. In eacix case tht 
urinary potassium rhythm resynchronized with respect to the nm phase of ACTH 
administration thus cx>rif ijmiing that the pituitary-adrenal axis played a role in 
the internal synchronization of this renal electrolyte liiythm. 
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(iii) The identification of a driving oscillator would do much to help 
distinguish between the models of the circadian timing system we have discussed. 
Studies in rodents have now indicated that the bilateral hypothalamic si 5 >ra- 
diiasmatic nuclei (SCW) in these species appear to contain an oscillator or 
coupled group of oscillators v?hich play a central role in the generation of 
circadian rhythmicity. Because wa have the capability to continuously monitor 
several physiological and behavioral rhythms for periods of several weeks in 
individual animals, we can study the function of the SCN in the squirrel monicey 
and determine if they contain oscillator (s) vHaich play a central timekeeping 
role. Our studies of the role of the svprachiasmatic nucleus (SCN) as a 
putative central pacemaker in the squisnrel monloey have made considerable progress 
in what has proved to be a prc±>lem with itajor technical demands . 

Btele adult squirrel monlceys ware fast©! overnight, preopsratively prepared 
with 0.2 cc atropine sulphate soluticn i/m and then anesthetized with Halothane 
in ojqrgen. The animals were placed in a stereotaxic frame (David Kapf Instrurtents) . 
Stainless steel electrodes, insulated except for 0.25 imi at the tip, are placed 
according to coordinates derived from the atlas of Eramers and Akert, as a first 
approximation, us^ng animals in the zero correction range of Brown, et. al. An 
anodal current of 3 mA for 15-20 seconds is then passed using a Stoetling lesion 
producing device. 

It should be noted that the SQJ in the squirrel monkey is approximately 1 ititi 
long, 0,5 nm wide and 0.4 mm high, and that the coordinates even between successive 
sections in the atlas may vary by 0.5 icki or more especially in 'the vertical plane. 
For this reason, wa chose settings for the electrical current which generate a 
lesion, by our technique, of between 1 and 2 mm diaiteter in squirrel monlceys. 

This we found optimizes the chances of destroying the SCN vhile minimizing the 
destruction of neighboring areas of the hypothalamus. The anatomical location of 
all lesions ware determined by standard histological procedures after the experi- 
mental work was ccurple-ted on the animals. 
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Healthy norilceys were conditioned to accept chair-restraint and e>^)sri- 
iTip>Tri-ai procedures. Before lesions were placed, control data was collected both 
with the monlceys a) free-rangii g in their cages in isolation and b) chair- 
restrained. Each aniital vjas sfidied for one waelc with a ID 12:12 cycle and 
then for at least ti*jc wealcs of hL isolation in the free-ranging c^ge. Hie 
circadian rhythms of loccmotor activity, feeding and drinldng were continuously 
monitored. 

Hiese control studies established a) that the riiythms observed were repre- 
sentative of those seen in the several hundred such sq^oirrel moriceys esjperiments 
previously undertalcen by this laboratory, b) that 'the animals were normally syn- 
chomized by the light-darlc cycle, c) the free-running period of the animals 
under the conditions of the eicpariirent in LL and d) whether internal synchroni- 
zation is observed between monitored rhythms in ID and LL. 

At least two weelcs after the cxintrol experiments were ocsrpleted, the 
monkeys were given bilateral suprachiasmatic lesions, and allowed to "recover" 
a Tniniinum of at least 2 weeJcs prior to the neict chair e::^rini3nt. However, 
during the recovery phase, and all other times that the animal was not in a chair, 
it was maintained in a cage in isolation with feeding, drinldng and activity 
monitored. 

The studies conducted on these animals have denonstrated that lesions in 
the hypothalamus but not damaging the SCN have no effect on the riiythmic structure 
of the organism. However, lesions vjhich destroyed a SOI caused effects on the 
circadian rhythm of activity which ware coirparable to those seen in lodents. 
However, a detailed study of these effects was not possible in the short-term of 
this contract. We \i5ould hope to continue this work now that our nethodology is 
highly developed, and the preliininary e^iperimants look premising. 


-nrSV 
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b) Factors precipitating internal desynchronization 

Although normally various ccnponents of the circadian timing systan are 
internally synchronized with one another it can be demonstrated that on occa- 
sion internal desynchrony occurs so the various ccatponents start oscillating 
with independent fretyiencies, thias loosing tenporal coordination with one 
another. As was noted above internal desynchronization can occur spontaneously 
in both man and the squirrel monkey. One aspect of the current research contract 
was to ea^lore the factors v/hich might lead to an increased incidence of internal 
desynchronization . 

We have previously discussed how internal desynchronization could well be 
caused by circadian arrhythmias in hormonal mediators- We can clearly show such 
effects by infusing cortisol in adrenalectomizad monlceys at a constant rate. 
Ifowever, the major purpose of the current contract was to examine environmental 
conditions vhich might lead to internal desynchronization and get same idea of 
the various factors in the squirrel monliey vhich precipitated this particula r 
condition. It should be pointed out that the only species besides nan where 
internal desynchronization has clearly been documented is the squirrel monkey - 
Ihus, this ex^arimental preparation serves as a uni<^e human surrogate in this 
respect. 

As a first step in this research various environmental factors #iich 
actal as time cues in the squirrel monkey were examined. Animals were placed 
in constant oDnditions for period of up to 6 months vdiile various potential 
environrtental factors were testei as time cues. During the 2-3 week period of 
testing for each zeitgeber an environnental cycle of this particular zeitgeber 
was applied vhile all other conditions in the environment ware held constant. 

It was found that circadian oscillations in warm-cool (12 hrs at and 12 hrs 
at 20 “O , social-isolation (12 hrs in the company of another mohk^ and 12 hrs 
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isolated ) , sound (12 hrs at 100 dB and 12 hrs at 7C: dB provided at 2 minute 
bursts every 15 minutes) ? ware not effective as zeitgebsrs. *1116 light- 
dark cycle was, however, danonstrated to be a potent zeitgeber, as was air eady 
known, and in addition the timing of food availability in the squirrel monkey 
was fourwi to be a very potent zeitgeber. (Figure 7) . 

These ei^Jeriiiients demonstrated that the internal and external synchroni- 
zation of the squirrel moriiey could on].y be modulated by two pa 3 ±icular environ- 
mental agents: 1) the environnental lighting and 2) the environmantal food 

supply. Further expariments ware conducted to detennine the role of different 
levels of these in promoting internal synchronization. 

Animals were subjected to either constant light at 60 lux or constant 
light at 600 lus. It vjas found that internal desynchronization ocaared in both . 
of these conditions. This demonstrated tliat the occurrance of internal desyn- 
chronization did not appear to be similar to the occurrance of rhythm-splitting 
in which light intensity appeared to be a key factor. To fully answer this point, 
however, it will be necessary to escamine a much wider range of li^t intensities, 
a particularly time oonsumirtg eispsrimant. We also examined the role of different 
lengths of food administration on the internal and external synchrony of the 
rhythms of the animal. It v;as found that 1 or 2 hour periods of feeding per day 
were not sufficient to synchronize the animal, or in soma cases ^:pearad to 
produce an internal desynchronization with some functions following feeding and 
otiiers following their own free-running period. However, when a 3 hour period 
of food availability was allowed each day all functions appeared to synciironize 
to this. 

One other factor \diich appears to be related to the occurrance of inteinal 
desynchronization is stress. Ife have previously discussed how various pieces of 
evidence in the literature would point to this effect. To study this question 
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in a psceliniinary manner we have examined jirrfcsys who were relatively naive 
to the chair and ocnpared -these animals with those who have been ei^rienced 
over several months to -the experiitental apparatus. We have observed internal 
desynchronization in both groups of animals but as yet there is insufficient 
data to tell us whether it is more common in the inexperienced vs. the 
eJ 5 >erienced group. 

c) Pathophysiological oonsequencas of internal desynchronization of 
particular relevence to spaceflight 

As an outgrowth of our studies of the effect of warm-cool cycles on 
circadian rhythms in the squirrel monlcey a major, previously unobserved, finding 
was obtained. We found that animals which were internally synchronized 
either by feeding or by light-dark cycles maintained body teitjjerature very 
effectively during exposure to a drop in environmental toiperature of B°C, but 
animals which were in constant conditions and apparently internally desyn- 
chronized shewed a major fall in body teitperature. (Figure 8) . 

Although there have been previous reports of decrertents in p>erfonnanco 
in internally desynchronized subjects as compared to controls, there has been 
little evidence showing direct pathophysiological consequences of internal 
desynchronization, ihe finding of the red>aced capability of dealing with en- 
vironmental temperature challenges is of great inportance therefore. We have 
spent scsie effort of this last contract year in elucidating the mechanisms that 
might be involved. 

As soon as various pjotential conponents of bo^ teitperature regulation 
are measured, such as heat loss mechanisms and heat gain mechanisms, it becomes 
apparent that on occasion that these can dissociate fjxm each other when the 
animal is free-running under exanstant conditions. Thus the rhythm of body tem- 
perature loss from the tail can be oscillating with a different frequency 





-26- 


to the rhythm of core boc^ tenperature. 

We have further investigated situations in vfliich internal desynchrony is 
well documsnted such as adrenalectomized animals provided with 08:00 hr pulses 
of oortisol each day vdiere the urinary potassium rhythm is synchronized to the 
24 hoxnr period of cortisol administration and the other rhythms that we observe 
in this animal are free-running. When we apply cold pulses in such animals we 
get major effects with reductions in body ten^erature of up to 3®C. However, 
the same animals studied in light-dark cycles vhere they are internally syn- 
chronized show no such susceptibility to drops in. environmental taorperature. 

These findings are, we belie\re, of great importance to spaceflight. In 
space there is an increased risk of internal desynchronization because of stress 
and potentially insufficient tanporal cues from the environment. Thus, the Bip- 
Sattelite III Macaca neminstrina monJcey showed internal desynchronization appar- 
rently from the limited data that was available. That we have shown an iitportant 
physiological consequence, and one of such significance in space such as the in- 
ability to deal witli variations in environmental tenperature, is nost iirportant. 

We feel this deserves considerable study because it is a potential future space- 
flight hazard - 

d) Comparison of chair and cage situations 

The chair-acclimatized preparation which we developed in this apparatus lias 
been of considerable use in analyzing the circadian timing system in the squirrel 
monkey. It provides the capability for stuc^ing a number of variables continuously 
without being restricted by measurement or drug administration probloTis. Because 
of the uniqueness of this chair-acclimatized preparation and because it does pro- 
vide restraint of the animals we have conducted a series of studies of oatparing 
similar ej^perimsnts conducted in monlceys free-running in the cage. In the 
variables that we have b^n able to monitor in this regard we have been able to 


desnonsinrate that the cslrcadian zhythms are to all intense aiul purposes identidal 
in the cage and chair, thus denonstrating the applicability of our chair-accli- 
inatized preparation. 
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IV. List of Publications 

The work performed under this contract for years 1974-75 and 
1975-76 has be&a published or ^>jill be published in the following 
papers. Reprints are enclosed. 


1. Moore-Ede, M.C.; Brennan, M.F.; and Ball, M.R. : Circadian variation 

of inter compartmental potassium fluxes in man. J Appl Physiol 
38 ‘. 163-170. 1975. 

2. Moore-Ede, M.C.; and Herd, J.A.; Renal electrolyte circadian rhythms; 

independence from feeding and activity patterns. Am J Physiol 
In Press, 1976. 

3. Gaeisler, C.A. ; Moore-Ede, M.C.; Regestein, Q.R.; Kisch, E.S.; Fang, 

V.S. ; and Ehrlich, E.N.: Episodic 24-hour cortisol secretory 

pattern in patients ax^aiting elective cardiac surgery. J Clin 
Endocrinol Metab 273-283, 1976. 

4. Moore-Ede, M.C.; Schmelzer, W.S.; Kass, D.A. ; and Herd, J.A. : Internal 

organization of the circadian timing system in multicellular 
animals. Fed Proc, In Press, 1976. 

5. Moore-Ede, M.C.; liass, D.A.; and Herd, J.A.; Transient circadian 

internal desynchronization after light-dark phaseshift in 
monkeys. Am J Physiol, In Press, 1976. 

6. Moore-Ede, M.C.; Czeisler, C.A. ; Schmelzer, W.S.; and Kass, D.A. ; 

Circadian internal desjmchronization induced by circadian arrhythmias 
in synchronizing mediators; an etiological hypothesis. 
Chronobiologia, In Press, 1976. 

7. Moore-Ede, M.C.; Circadian rhythms in drug effectiveness and toxicity 

in shiftworkers. National Institute of Occupational Safety and 
Health Report. In Press, 1975. 

8. Moore-Ede, M.C.; Schmelzer, W.S.j and Herd, J.A. : Synchronization of 

the circadian rhythm of renal potassium excretion by circadian 
oscillations in adrenal steroid secretion. ^ "Rhythmic Functions 
in Biological Systems" edited by Seltelberger, F. and Lassman, G. 

In Press, 1975. 

Moore-Ede, M.C.; Meguld, M.M. ; Fitzpatrick, G.F.; Boyden, C.M. ; and 

Ball, M.R. ; Circadian variation in response to potassivtm infusion 
in man. Submitted to J Clin Invest, 1976. 
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10. Sulzman, F.M. ; Fuller, C.A. ; and Moore-Ede, M.C. ; Specificity of 

cortisol as a mediator of circadian rhythms in the squirrel 
monkey. Submitted to J Comp Physiol, 1976. 

11. Moore-Ede, M.C., Internal synchronization of spontaneous cir:adian 

oscillators! The identification of the hormonal mediator 
s 3 mchronizing a renal oscillator. Presented at the Symposium 
on "Physiological and Biochemical Aspects of Circadian Rhythms" 
at the 59th Annual Meeting of the Federation of American 
Societies for Experimental Biology, Atlantic City, New Jersey 
April 15, 1975. 

12. Moore-Ede, M.C.; Czeisler, C.A. ; Schmelzer, W.S.; and Kass, D.A. : 

Circadian internal des 3 rachronization; Causation by circadian 
arrhythmias in hormonal mediators? Presented at the Annual 
Meeting of the International Society for Chronobiology , 

Washington, D.C., August 12, 1975. 

13. Moore-Ede, M.C. ; Schmelzer, W.S.; and Herd, J.A.: Plasma cortisol 

oscillations synchronize the circadian rhythm of renal potassium 
excretion in the squirrel monkey. Presented at the International 
Congress on "Rhythmic Functions In Biological Systems", Vienna, 
Austria, September 9, 1975. 

14. Moore-Ede, M. C.: Organization of the mammalian circadian timing 

system. Presented at the 4th Annual Meeting of New England 
Physiologists, Boston, Massachusetts, November 22, 1975. 

15. Sulzman, F.M.; Schmelzer, W.S.; Fuller, C.A. ; Zimmeimian , J.C.; and 

Moore-Ede, M.C.: Specificity of cortisol as an internal syn- 

chronizer of circadian rhythms in the squirrel monkey . Fed Proc 
694, 1976. 

16. Fuller, C.A. ; Sulzman, F.M. , Schmelzer, W.S.; Zimmerman, J.C. and 

Moore-Ede, M.C. : Modification of thermoregulation in squirrel 

monkeys in the absence of circadian light-dark cycles. 

Fed Proc 35 : 724, 1976. 

17. Moore-Ede, M.C.: Circadian timing system in man: Physiology and 

pathology of an organization of multiple synchronized oscillators. 
Presented at the XXIst International Congress of Psychology, 
Symposium No. 21 on "Biological Rhythms and Behavior", Paris, France 
July, 1976. p.l31. 

Moore-Ede, M.C. ; Meguid, M.M. ; Fitzpatrick, G.F.; Ball, M.R. , and 
Boyden, C.M. : Circadian variation in intravenous potassium 

tolerance. Clin Res, 1976. 
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V. EQUIPMENT PURCHASED BY NASA GRANT 9610 

Pellet Dispensers (5), Ralph Gerbrands Co. $ 642.00 
Model 20 Incubator (Modified) (3), Forma Scientific Co. 2079.60 
Harvard Cummulative Recorder (1), Ralph Gerbrands Co. 770.00 
6-Pen Event Recorder (3) , Ralph Gerbrands Co. 500.00 


Total for 7/1/74 - 6/30/75; $4211.60 

Multiplexer 48 Channel and Cable Assembly, Stoelting Co. $3808.00 

Total for 9/1/75 - 12/31/75: $3808.00 

80 mAH Pluse, Internal Sensor 30-45®C, Konisberg $ 790.00 

Instruments (2) 

Combination Receiver/Deodulator FM & Pulse, Konisberg $1300.00 

Instruments (2) 

Total for 6/1/75 - 8/31/76: $2090.00 


William E. Hnssiut !r.. Ph.U. 


Hefbf-rl 1 .. Abrnms. M.D. 
Ha JwfoHJst 

Ei](4dnd Brnunwald. M.D. 
Physiciun-in-ChiL‘f 

Hamzi S. Ccilran. M.D. 
Pulho^o;;jst-in-Chiof 

Samuel Heilman. M.D. 
HudiatherapisNiri'Chief 

Francis D. Moore, M.D. 
Surj*eon-jn-Cliief 

■r* . . 

Clement B. Sledge. M.D. 
Orthopedist-in-Chief 

Leroy D. Vandam, M.D. 
Anes thesioJog jst -i n -Chie/ 
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PETER BENT BRIGHAM HOSPITAL 

721 Huntington Avenue, Boston, Massachusetts 02115 (617) 734-8000 


October 1, 1975 


Dr. John A. Rumroel, Ph.D. 

Chief, Environment^ Research Branch 
National Aeronautics and Space Admin. 

Lyndon B. Johnson Space Center 
Houston, Texas 77058 

Dear John, 

This letter will serve as the first monthly report of the renewal 
of NASA contract NAS9-14249. 

The laboratory effort has been strengthen by the addition of two 
post-doctoral fellows. Dr. Charles Fuller and Dr. Frank Sulzrnan, 
and the part-time assistance of a cemputer specialist. This month 
has been spent in autcanating a number of the data collection pro- 
cedures in the laboratory and conducting pilot studies for the 
work to be performed under the renewal of this contract. 

Dr. Charles Fuller has special experience in thermoregulation and 
is particularly interested in the control of the circadian rhythm 
of body tonperatvire and its implications for mammalian thermoregula- 
tion. He has developed during this month routine procedures for 
continuously monitoring boc^ temperature (colonic tenperature) in 
all our animals simultaneously and we now have this as a routine 
control variable for all our experiments. 

With best wishes. 


., B.S., Ph.D. 

Assistant Professor of Physiology 


MCME/msc 
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Sincerely yours. 





Martin C. Moore Ede, M.B 


ft 


IJ. I I,. 1*11.1^. 

DjfiM'lor 

Hubert U. Abrams* M.D. 

Eugene Braunwald. M.D. 
PhysIcifin-in-Chie/ 

Ramzt S, ColrQti* MD* 
PatfiDFogist-in-Chief 

Samuel Heilman. M.D. 

; fiadiqliierapJ5l-in-Chief 

FriiiicLs D. Moore. M.D. 
Surgeon >in-Cbtef 

Clement B. Sledge. M.D. 
OrthupedtsHn-Chie/ 

Lurny D. Vandam, M*D. 
AnesthpsiofogjsMn-Chief 
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PETER BENT BRIGHAM HOSPITAL 

721 Huiilington Avenue, Boston, Massachusetts 02115 (617) 734-8000 

Novsnber 1, 1975 


Dr. John A. Runntal, Ph.D. 

Chief, EnvironmentiL Eesearch Branch 
National Aeronautics and Space Adnin. 

Lyndon B. Johnson Space Center 
Houston, Tfficas 77058 

Dear J<±n, 

This letter will serve as the second monthly report on the renewal 
of NASA contract NAS9-14249. 

We have been conducting a fascinating series of studies this month 
on the role of cortisol in the internal synchronization of squirrel 
monkeys. As you know, we have previously demonstrated that cortisol 
plays an important role in synchronizing circadian rhythm of urinary 
potassium excretion. To find how general is the role of cortisol 
in internal synchronization of circadian rhythms, and to investigate 
whether the organization of the circadian multioscillator system in 
primates is hierarchical or nonhierarchical, we have conducted a 
series of studies with cortisol pulses being given to animals free- 
running in isolation in constant light. 

In this series of studies squirrel monkeys were administered cortisol 
at 08:00 hr each day but were maintained in constant light in isola- 
tion. What was found was that the circadian rhythms of body teit?jera- 
ture and feeding activity continued to free run with the same periods 
as they had done in intact control animals in constant light, but that 
the circadian rhythm of urinary potassium excretion was synchronized 
by the 24 hourly pulse of cortisol administered at 08:00 hr each day. 
Therefore, the rurinary potassium rhythm was found to be synchronized 
to a 24 hr cycle. This study is most interesting because it indicates 
that the administration of cortisol with a regular 24 hr period does not 
synchronized the entire circadian system, as might have been predicted 
from our knownledge of feed-back mechanisms of cortisol on the pituitary 
adrenalaxis and the hypothadamus, but instead acts as a synchronizer 
only to certain oscillators in the body. This work is currently being 
drafted up for an abstract to be presented at the Federation Meeting 
next year. Particularly responsible for this series of studies is 
Dr. Frank Sulzraan. 

With best wishes. 



^]artin C. Moore Ede, M.B. , B.S., Ph.D. 
Assistant Professor of. Physiology 


MCME/rasc 
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Bnitinwrild, M.D. 
Phyjiiciari'jn-CiiiHf 

Ramzl S. Ctilran, M,D* 
P(Jlho^ogjsl-jn-Chief 


PETER BENT BRIGHAM HOSPITAL 

721 Huntington Avenue, Boston, Massachusetts 02115 (617] 734-Bonu 

Deconber 1# 1975 


Snmii *l Heilman. M,D, 
Kaiiio'iMfroptst-rn-Chief 


Fraains D. Monrc, M.D. 
Surgeon-in-Chief 

Clement B. Sledge, M.D, 
Orthopedist-in'Clijef 


Dr. John Runroel, Ph.D. 

Chief, Environmental Research Branch 
National Aeronautics and Space Admin. 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 


Leroy D. Vandatn, M.D. Dear John, 

Anestheaicjlogist-m-Chief 

This letter vd.ll serve as the third monthly r^>ort on the renewal 
of NASA contract NAS9-14249. 


As v?as spelled out under Contractor Task 4.3 in this renewal of the 
contract, vje have been interested to try to answer the question 
whether there is a single circadian pacemaker in the brain vhich 
serves a role in driving the circadian iroiltiascillating systen. 

Previous work in other laboratories has suggested that the supra- 
chiasmatic nucleus plays in important role as a circadian pac^nnaker. 
However, the fundamental flaw of these studies, conducted in rodents, 
has been that they have treated the circadian system as a system with 
only one clock. In other vrards, they have not considered it as a multi- 
oscillating . system. 

In our series of studies, we have monitored a large number of physio- 
logical variables in the squirrel monkey and have studied these animals 
before and after placing lesions in the region of the siprachiasmatic 
nucleus. These studies by their nature are somewhat long term in that 
it takes several wreeks to gather the initial data on the animal , and then 
several we^s after the lesion is placed to determine the effect on the 
internal synchronization of the circadian system, before histology and 
I sectioning can be done. 


Over the first two months of this contract we have made an impressive 
headstart on this program, using the skills of Dr. Charles Fuller, who 
has experience in stereotaxic surgery and hypothalamic neurofunction 
study. He has developed techniques for stereotaxic lesioning in our 
squirrel monkey preparation and to date we have placed lesions in two 
animals and are studying their effects. 
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Over the last month or so, we have also made considerable progress in the 
ocraputer analysis of our data. Besides our routine data storage techniques, 
and the development of scroe very useful graphical plotting techniques frOT 
our laboratory, we have utilized in conjunction with Dr. R. Kronauer of 1ihe 
Divisioi' of Engireering and Applied Physics a procedure of multiple band pass 
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f liter analysis, vghich enables us to detect the various frequencies in a 
time series data string, differentiate then fron one another and examine 
their jiiase relationship. Using this program we can deal with non-perfect 
biological oscillating data because the band pass filters have considerable 
tolerance to small changes in frequencies and phase. Using this technique 
we are now able to analyze data which previously was extemely difficult 
to analyze by the least-squares regression technique. 

With best wishes. 


( 


Sincerely yours. 





Martin C. Moore Ede, M.B., B.S., Ph.D. 
Assistant Professor of Physiology 


MCME/msc 


12/1/75 


Witliam E. Hitsuan, |r.» Ph.l), 

Utirberl L. Abrams. M.D. 
/lDcfiolo^isl*irt'Chifif 

F^ugunn Bratinivirld« M.D. 
Physjcirtii*in-Clit«/ 

Hamzi S. Cot ran, M.D, 
pqthoio;»j st-i/i’Chief 

j 

; Sainual Heiimdn, M.D, 
flndiolharnpi';l>rn-Ch?t.‘/ 

Frdncts D. Mnore, M.D. 
Surjir'^jn-rn-Cfiir.-f 

Clement B Sledge. M.D, 
Orihopedial-iH'Chie/ 

Lerny D. Vandam, M,D. 
Ane.HthesiaJogist-in-Chicf 
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PETER BENT BRIGHAM HOSPITAL 

721 Huntington Avenue, Boston, Massachusetts 02115 (617) 734-8000 

January 1, 1976 


Dr. John A. Runitiel, Ph.D. 

Chief, Environmental Research Branch 
National Asronautics and Space Admin. 

Lyndon B. Johnson Space Center 
Houston, Texas 77058 

Dear John, 

This letter will constitute the fourth monthly report on the renewal 
of NASA contract NAS9 -14249, 

are now making considerable progress in the third portion of the 
renewal of this contract docurrented as Contracbor Task 4.2. We have 
beai studying the role of pituitary ACIH sscbetian in the synchroniza- 
tion in the rhythm of cortisol secretion ahd in the functions vMch 
are normally ^^nchronized by that cortisol rhythm, 

Becaiise of the importance of the circadian rhythm of cortisol output 
by the adrenal in the synchronization of certain circadian functions, 
we have been examining the role of ACTH in synchronizing the adrenal 
cortisol rhythm. We have been particularly interested in the questions 
viiether the adrenal gland acts as its own independent oscillator, as 
studies in isolated tissues would suggest, and how the cjxcadian rhythm 
of ACTH output by the pituitary might sync±iranize this. 

We have developed the technique of hypcphy sectamizing squirrel monkeys 
using a trans-orbital approach. We insert, a trocar through the medial 
side of the orbit and direct it imder X-ray visulization into the 
gella tiarcica. An electrode is then passed down through the needle 
into sella turcica and a current is passed to coagulate the pituitary. 

The animals are then prepared with in^Jlanted venous catheters and each 
day are maintained by administering them ACTH at 08:00 hr. We are 
currently setting up the experiments so that we can infuse ACTEI autanati- 
cally and study vAiether phase-shifts of ACTH will phase-shift the adrenal 
cortisol rhythm. 

With best wishes. 


Sincerely yours. 





Martin C. Moore Ede, M.B. , B.S., Ph.D. 
Assistant Professor of Physiology 


PETER BENT BRIGHAM HOSPITAL 

721 Huntington Avenue, Boston, Massachusetts 02115 [617] 734-800D 


Edaruary 1, 1976 


Dr. John A. Runmel, Ph.D. 

Chief, Environmental Research Branch 
National Aeronautics and Space Admin. 

Lyndon B. Johnson Space Center 
Houston, Texas 77058 

Dear John, 

This letter constitutes the fifth monthly report on the renewal 
of NASA contract NAS9-14249. 

One of the most interesting outputs from this recent renewal of 
the NASA contract has been a finding vMch originally came about 
by chr> • r . As you know, the monkeys are maintained in isolation 
chambei.. a constant teirperature of 28 + 1“C. throughout the 
course of the experiments. However, we occasionally have equip- 
ment failure and we have noticed that one cej±ain occasions, if 
a chamber tenperature suddenly drops to apprcodmately 20®C. or 
lower that there can be a considerable reduction in squirrel 
monkeys body tecperature. However, one many ocxasions, the squir- 
rel monkeys thermo-regulate very well and are able to maintain 
body tenperature. 

A further investigation of this phenomenon by Dr. Charles Fuller 
has indicated that monkeys who are synchronized by circadian 
light-dark cycJ as do not show tatperature daxps. However, monkeys 
who are free-running in constant light shew an inability to oope 
with the same drop in chamber temperature. It (toes not matter at 
what phase of the circadian cycle cold pulse is applied and this 
phenomenon appears to develop after about seven days in constant 
light. We have been nost interested in the possibility that two 
functions involving thermo regulation could be desynchronizing from 
one to another so that thermoregulation might m>t occur so efficiently, 
and are investigating this possibility. 

This finding is most interesting since the possibility of letting ani- 
mals or even human sv±)jects in long term space flight run at their own 
free-running rhythms has sonetimes been considered and it has been 
claimed that the free - running state may be more "beneficial" than the 
synchronized state with a 24 hr cycle {which no longer has relevance in 
long term space flight) . This finding should be pursued further because 
it may indicate tliat the free-smnning state is not necessarily advan- 
tageous, and that proper physiological functioning is dependent on an 
external zeitgeber. 

With best wishes. Sincerely yours, 

/' Martin C. Moore Ede, M.B., B.S., Ph.D. 
Assistant Professor of Physiology 



HARVARD MEDICAL SCHOOL 

DEPARTMENT OF PHYSIOLOGY 


S5 Shatiuek Street 
Boston, Mass. otu$ 
734-3300, Area Code 6sj 


March 1, 

Dr. John A. Rimnel, Ph.D. 

Chief, Environment^ Physiology Branch 
National Aeronautics & Space Administration 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 

Dear Jc4m, 

This letter constitutes the first monthly report on the second renewal 
of NASA contract NAS9-14249, 

Vie have been preceeding rapidly with one of the primary aims of the 
second renewal of the contract - the study of the effect of light in- 
tensity on circadian internal synchronization. One type of internal 
desynchronizatioh is that where diffeient con^xarients of the same 
rhythmic variable separate and demonstrate different free-running 
periods and therefore constantly changing phase-relationships. This 
phenomenon has been recognized as being related to bright light inten- 
sities for the rhythm of activity. However, our data is now showing 
that a similar splitting phenonenon occurs in body tenperature rhythms 
and in rhythms of urinary potassium excretion. The nature of the 
splitting appears to be an individual feature of each monitored variable 
and does not necessarily show up in all variables monitored simultaneously. 
Thus, it does not appear to be due to two central oscillators which split, 
but rather individual oscillators in the body, individually responsible for 
certain rhythmic functions which themselves are composed of populations of 
oscillators with the potentiality of splitting. 

As you know, we have identified several serious consequences of the splitting 
phenomenon, which are inportant because the correct tertporal relationships 
between physiological events is lost in such a situation. Probably one of the 
most drastic circumstances was mentioned briefly in last months report. We 
have found that animals are unable to thernoregulate effectively against a 
drop in an environmental temperature vdien they are free-running in IL where as 
the can do it very effectively vhen they are synchronized to an LD cycle. 
Increasing evidence is now being gathered that underlying this failure of tem- 
perature regulation is a splitting of normally independent components of 
thermoregulation and the loss of normal phase-relationships between them com- 
promises the abilities of the animal to hcmeostatically regulate against a 
cold pulse. 

With best wishes. 



1976 


cc: Mr. A.F. Lee 

Mr. G. Huff 
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HARVARD MEDICAL SCHOOL 

DEPARTMENT OF PHYSIOLOGY 


35 Shattuck Street 
Boston, Mass. 021 
734-3300, Area Code 



i^ril 1, 1976 


Dr. John A. Runinel, Ph.D. 

Giief , Enviroimiental Physiology Branch 
National Aeronautics & Space Adrninistration 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 


Dear John, 

This letter constitutes the secx>nd monthly report on the second renewal 
of NASA contract NAS9-14249. 


This nonth we have investigated the differences between the control of 
circadian rhythms in adrenalectcmized animals and in intact controls. 

Of particular interest has be^ the influence of. the adrenal medullary 
hormones and the role of these in the circadian rhythm of bod/ tertperature. This, 
in particular has been studied in adrenalectonized animals with the adrenal 
corticol hormones of aldosterone and cortisol replaced but with no replace- 
ment of medullary hormones. 

The circadian rhythm of body t^roerature in both these circumstances re- 
mains synchronized to the light-dark cycle. The mean level, amplitude, 
contoxor and other characteristics of the rhythm are indistinguishable be- 
tween adrenalectonized monkeys and intact monkeys. Similarly, in LL in 
isolation the characteristics of the bo^ temperature rhythms are very 
similar. However, one difference has been noted and this is the tendency 
for a darling to occur in the body temperature rhythm in adrenalectomized 
animals as corpared to intact controls which is now being seen in several 
adrenalectomized monkeys. There appears to be no change in period, but on 
occasion, a major loss of airplitude can be observed. The mechanisms of these 
changes are currently under investigation. 

With best wishes. 


Sinc^ely youra. 



Martin C. Moore Ede, M.B., B.S., Ph. 
Assistant Professor of Physiology 
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ABSTRACT. The 24‘hour pattern of plasma cortisol 
concentmtion in four patients on the day before 
major elective surgery was compared with that of 
five similarly hospitalized control subjects to 
study the effect of the expectation of surgery on 
the secretion pattern. Using an indwelling venous 
catheter, which extended outside the patient’s room, 
to collect blood samples every 20 minutes for 24 
hours, it was found that cortisol was secreted 
episodically in both control subjects and presurgical 
patients. The nyehthemeral patterns of plasma 
cortisol concentration in the two groups were 
indistinguishable for most of the day despite the 
occuiTence of intermittent events which appeared to 
cause anxiety in the presurgical patients. Ho\v- 
ever, between 9 PM and U pm, while each pre- 
surgical patient was being preopevatively pre- 
pared (body shaving, wash, and enema), a major 
pulse of cortisol secretion occurred, raising the 


plasma cortisol concentration to between 6.9-10.5 
standard deviations above that of the control sub- 
ject mean for that time of day. 

We conclude that 1) expectation of a major 
surgical procedure for sevem! weeks does not result 
in chronic activation of the pituitary-adrenocorti- 
cal axis. 2) many discrete anxiety-provoking 
events do not evoke cortisol secretory episodes, 3) 
most episodes of cortisol secretion are part of an 
endogenous cyclical pattern with a circadian 
distribution and are not a direct result of environ- 
mental stimuli, and 4) preoperative preparation 
evokes a major cortisol secretory response in pa- 
tients awaiting surgery. Whether that release of 
cortisol is a response to the physical manipula- 
tions or the psychological implications of that 
stimulus is presently unknown. (J Clin Endocrinol 
Metah 42: 273, 197G) 


A nxiety, and particularly the appre- 
- hension of personal injury, is generally 
considered to be a potent stimulus to ACTH 
and cortisol secretion (1-5). Yet attempts to 
correlate elevations in either plasma cortisol 
concentration or urinary 17-hydroxycorti- 
CQSteroid excretion with psychologically 
stressful situations {both contrived and real) 
have often failed to demonstrate a consistent 
relationship in man (6-13). Such variability 
in the cortisol secretory response to a given 
situation among and within individuals has 
been explained in several ways. When 
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falling plasma cortisol concentrations have 
been observed in the face of apparent stress 
some investigators have concluded that the 
psychoendocrine response was being 
masked by a concurrent diurnal fall of 
plasma cortisol concentration (12,13). Other 
authors have suggested that personality type 
was the overriding factor in cortisol output 
(14-16) or that increased coith .1 secretion 
was only seen when an individui^: s psycho- 
logical defenses were inadequafe to cope 
with a situation (7,8,10,17). 

While such explanations may yet prove to 
be valid, another reason for the lack of a 
consistent correlation between anxiety- 
provoking situations and elevated plasma 
cortisol concentrations has become apparent 
from the demonstrat on by Weitzman and 
colleagues that cortisc' is secreted episodi- 
cally in man (18,19). 3 heir use of frequent 
(20 minute) plasma sampling has demon- 
strated that cortisol seenrtion is limited to 
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short pulses with no obvious secretion be- 
tween those pulses (20,21), although the 
average nychthemeral pattern of cortisol 
concentration still demonstrates the pre- 
viously reported circadian variation (22-24). 
This episodic 24-hour pattern of cortisol 
secretion explains why attempts to show a 
precise correlation between infrequently 
monitored plasma cortisol concentrations 
and psychologically stressful situations 
have had little success. Accurate definition 
of any psychoendocrine response which is 
superimposed upon a complex, pulsatile 
secn^tory cycle is simply not possible when 
only a few blood samples are taken on each 
day of'study. 

One naturally occUiTing situation which is 
associated with anxiety is the prospect of 
major surgery (25), Patients awaiting elec- 
tive cardiac surgery were chosen for this 
study since most such patients feel that the 
operation poses a significant threat which 
they consent to undertake in the hope of 
a successful relief of their symptoms. Con- 
sequently, such patients might be expected 
to demonstrate a major adrenocoiiical re- 
sponse (1,2), This paper reports a study 
which compared the 24-hour patterns of 
plasma cortisol concentration measured at 
20 minute intervals in four patients during 
the 24-hour period just prior to undergoing 
open-heart surgery with the 24-hour cortisol 
patterns of five control subjects who were 
similarly hospitalized. 

Materials and Methods 

Control subjects. Five healthy, normal male 
subjects (A,B,C,D, and E), 21-43 years of age 
(mean = 26,3 years), were studied in the Clinical 
Research Center of the Peter Bent Brigham 
Hospital, Each subject vva*s a persona! acquaint- 
ance of one of the authors (C.C), Normality was 
established by clinical history, physical examina- 
tion, and routine clinical biochemical screen- 
ing, Signed informed consent was obtained from 
each subject. 

Each subject received several hours of instruc- 
tion prior to the investigation in order to mini- 
mize the possible effects of uncertaint>^ about 
the experimental procedures (li). For at least 


one week prior to the study, each subject kept a 
daily record of their estimated times of sleep 
onset and waking, A clinical psychiatrist 
(Q.R,), interviewed each subject for one to 
three hours. Without prior knowledge of the 
endocrine data, he ranked each subject ac- 
cording to manifest display of emotional re- 
sponse,s on a scale from the overt expression of 
emotionality to a tendency towards inhibition of 
emotional responses. This was done in con- 
fonnity with studies using similar clinical 
methods (15,26). On that scale (overt expression 
to inhibition) the subjects ranked in the fol- 
lowing order: A,D,E,B,C. 

The subjects were admitted to the Clinical 
Research Center on the day prior to the study in 
order to foster adjustment to the hospital en- 
vironment. They wtere provided a nornial diet 
containing 100 mEq potassium and 150 mEq 
sodium per 24 hours. The subjects were re- 
sti’icted to light activity or bedrest during the 
adaptation and experimental days. Lights were 
switched out at 11 PM and switched on at 7 AM 
daily (L:D 16:8), 

Venipuncture was performed on each of the 
control subjects three days prior to the study in 
order to reacquaint them with that procedure 

(27) . In order that the reported adrenocortical 
secretory response to intravenous catheterization 

(28) would not confound the results of the con- 
trol studies, such catheterization was perfoiTned 
at least 12 hours before the 24-hour blood 
.sampling procedure was begun, A sterile teflon 
catheter was inserted into a foreann vein and 
connected to a 12-foot-Iong section of polyethyl- 
ene tubing (1.14 mm ID) which extended out 
into the hall adjacent to the s abject* s J'oom, The 
tubing was insulated with tmnsluceni: tubing of a 
larger diameter, to prevent the subject from 
sensing temperature changes as blood was drawn 
through the line. This intravenous line was kept 
patent with a microdrip infusion of heparinized 
saline (500 U sodium heparin and 0.45 g NaCl 
per 100 ml) at a rate of 12 ml/h. Frequent blood 
samples could thus be obtained from outside 
the subject's room without his being awgre of 
the procedure (19). Blood samples (1.5 ml) were 
withdrawn from the extended indwe ling 
catheter every 20 minutes, starting at 7 AM on 
the day after admission to the hospital and con- 
tinuing for the subsequent 25 hour period. The 
subjects reported that they slept normally 
throughout the period of darkness (11 PM-7 AM), 
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The degree of anxiety or apprehension was 
subjectively assessed using a 1-5 rating scale 
{13,29), at twenty minute intemUs, throughout 
the period of the experiment. In addition, a de- 
tailed log was kept of events which occurred 
during the day of the experiment. 

Prcsurgical patients. Four patients age 36-59 
(mean = 44 years) were studied during the 24- 
hour period immediately prior to elective 
coronary artery bypass graft surgery. Three pa- 
tients were men (W, Y and Z) and one was a 
woman (X). They had slept 3 to 8 nights in the 
hospital just prior to their studies. Except for a 
previous histoiy of myocardial infarction, in X, Y, 
and Z, and significant occlusion of one or more 
coronary arteries, determined by coronary angi- 
ography in all cases, each patient had no other 
medical abnonmalities. No patient had any endo- 
crine or metabolic disorder, and, specifically, 
there was no evidence of congestive heart 
failure, hypertension, hyper- or hypothyroidism, 
Cushing’s or Addison’s disease, or recuiTent 
angina pectoris although all reported the experi- 
ence of angina pain on strenous physical exer- 
tion, No episodes of angina occurred at any time 
during these studies. One of the patients (Y) 
had undergone the same operation one year be- 
fore, None of the patients were receiving any 
medication with the following exceptions: all 
were given sodium methicillin (Staphcillin, 1 g) 
prophylactically at midnight; Y received iso- 
sorbide dinitrate (Isordil Tembids, 80 mg/day); 
W, X, and Y consented to forego the usual pre- 
operative sleep medication, but Z received 
glutethimide (Doriden, 0.5 g), a non-barbiturate 
hypnotic, at midnight 

All of the patients before cardiac surgery in 
this study were intellectually aware of the risks 
of major cardiac surgery. They each talked about 
their fears of the operation repeatedly during the 
day of study and described themselves as anxious* 

Blood sampling from outside of the patient's 
room was accomplished at 20 minute intervals 
through an indwelling cathether as described 
above for the control subjects, from 6 AM on tiie 
day before surgeiy until 7 am on the day of 
surgeiy. For the patient's comfort, the catheter 
was not placed until just prior to sampliitf^. 
During the day of the study the patients engaged 
in light activity or bedrest similar to that of the 
normal volunteers. The degree of anxiety and 
apprehension was estimated as described for the 
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normal subje^-ls, and a log was kept with 
particular atte ntion paid to the timing of po- 
tentially sties, ful events during the day — such as 
diagnostic proceduves, venipuncture, etc. 

Plasma cortisol assay. After each blood sample 
had been collected in a heparinized tube it was 
centrifuged and the plasma aliquot frozen for 
subsequent biochemical assay. The cortisol con- 
centration in each of the 670 plasma .samples 
dmwn in the study was assayed in duplicate 
using the competitive protein binding technique 
in a modification of the method of Muiphy (30) 
after Rosenfield et al. (31). The inter-assay 
coefficient of variation was 7%, 

Presentation of data. An average time of sleep 
onset for each subject was calculated from his 
record of thfe iibVen nights prior to the study. 
This was used a,s the zero point of the time 
scale for plotting his cortisol data. This time of 
reported mean sleep onset (M SO) for the previous 
week was chosen as a common reference point 
rather than tlie actual time of '’lights out” on the 
night of the experiment because the circadian 
cortisol secretory pattern has been shown to per- 
sist with unaltered phase for several days after 
a phases hift of the light-dark or sleep-wake cycles 
(32,33). The actual clock times of sleep onset 
and waking on the experimental days are 
shown in Figs. 1 and 3 by downward and upward 
arrows respectively. 

For puiposes of statistical analysis, the 24- 
hour sleep- wake cycle was divided into the 
following 4 phases: Phase 1 = 4 hours before 
until 2 hours aftei MSO, Phase II = 2 to 4 hours 
after MSO, Phase III = 4 to 9 hours after MSO, 
and Phase IV = 15 to 4 hours before MSO, These 
divisions are similar to those outlined by Weitz- 
man et al. (19), as were the criteria for defining 
.secretory episodes. Comparisons of the cortisol 
data between the two experimental groups were 
made using Student’s t test, and linear regression 
analysis was used to test for correlations be- 
tween anxiety ratings and cortisol concentration. 

Results 

Control subjects. The patterns of plasma 
cortisol concentiation for the 24-hour study 
period in the five normal subjects are plotted 
in Fig. 1. The mean plasma cortisol concen- 
tration, range of values, number of secretory 
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F^C. 1. 24-hour plasiim cortisol concentration patterns 
in five control subjects. Time of mean sleep onset 
during the preceding week is shown as zero hours on 
the time scale, The actual time of lights out and lights 
on of the experimental day are shown by downward 
and upward arrows, respectively, along with the clock 
(EDT) time at those points. 


episodes, and longest period when the 
cortisol concentration did not rise above 
the mean are presented in Table 1. In each 
subject the concentration of cortisol fluc- 
tuated widely during the day in a manner 
suggesting discrete episodes of cortisol 
secretion* In the period from 4 hours before 
to 2 hours after mean sleep onset (MSO) 
there were no secretory pulses which rose 
above the 24-hour mean level in the normal 
subjects. This dormant period regularly 
ended between 2 and 3 hours after MSO, 
with the initiation of a series of major secre- 
tory pulses which continued throughout the 
remainder of the sleep period. Maximum 
concentrations were reached about 7 hours 
after MSO. A fell in plasma cortisol concen- 
trations was then seen in 4 out of the 5 sub- 
jects during the morning (16 to 13 hours 
before MSO). During the middle of the day, 
several secretory pulses were observed in 
each subject; none of these reached the 
values observed during the late sleep 
period. Day-time ratings of anxiety in these 
control subjects rarely rose above 2 on a 
scale of 1, low, to 5, high. No incidents 
occurred which produced significant affec- 
tive response; even mild apprehension 
about events in the environment was rare. 
The plasma concentration of cortisol was not 
significantly correlated with anxiety ratings 
in the twenty minutes immediately before 
blood sampling in the control subjects (P 
> .05), There was also no significant rank- 
order correlation between the mean plasma 
cortisol concentration (Table 1) and the 
psychiatric rating of these subjects on the 
scale of manifest display of emotional re- 
sponses. 

Figure 2 shows the mean pattern of plasma 
cortisol concentration in the 5 normal sub- 
jects. The circadian variation is readily 
apparent (at the expense of obscuring the 
pulsatile nature of the secretion) with a 
maximum plasma cortisol concentration 
of 16.9 ± 3.9 figflOO ml (mean :t sd) at 7 
hours after MSO and a minimum level of 
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Table L Analysis of plasma cortisol patterns over a full 24-hour period 



Subjects 

Mean cortisol 
concentratioTi 
(/*g/100 ml) 

Minimum 
cortisol 
concentration 
(^g/100 ml) 

Maximum 
cortisol 
concentration 
(Mg/100 ml) 

No. of 
secretory 
episodes 

Length of 
quiescent 
period 
(hours) 

Control 

A 

6.1 ± 4.2 

0.2 

17.3 

7 

9.0 


B 

6.3 ± 4.9 

0.0 

13.9 

V 

8.9 


C 

8.3 ± 4.9 

0.4 

21.5 

5 

9.3 


D 

7.2 ± 4.8 

0.0 

18.6 

7 

9.0 


E 

8.1 ± S.8 

0.0 

18.0 

7 

9.7 


Mean 

7.2 1.0 

0.1 ± 0.2 

17.9 ± 2.7 

6.6 ± 0.9 

9.2 ± 0.3 

Presurgical 

W 

9.6 ± 4.7 

2.1 

20.5 

7 

7.3 


X 

as ± 4.4 

4.6 

27.2 

7 

4.7 


Y* 

7.9 

3.1 

16.0 

7 

4.7 


Z 

7.9 ± 3.4 

0.0 

16.8 

8 

3.3 


Mean 

8.8 ± 1.0 

2.5 + 2.3, 

20.1 ± 5.1 

7.3 ± 0.6 

5,0 ± 1.7 


P value 

NS 

<.05 

NS 

NS 

<.001 


* Samples could not be collected for three hours (from 3 to 6 hours after MSO) In subject Y; his values in 
this table are therefore based on the remaining 61 determinations. 

JVJS = not significant (P > .05). 


1.0 ± L8 /itg/100 ml at 1 hour after MSO. 
Thus, although cortisol was secreted epi- 
sodically, the average pattern of this group 
of individuals demonstrated a circadian 
rhythm. 

Presurgical patients. The patterns of plasma 
cortisol concentration in the four preopera- 
tive cardiac surgery patients are shown in 
Fig. 3. Superimposed on each individual 
pattern is the mean pattern (±sd) of the 
normal subjects (from Fig. 2). For most of 
the day the patterns of plasma cortisol con- 
centi-ation in the preoperative patients were 
very similar to those seen in the normal sub- 
jects, with a similar number of secretoiy 
episodes (Table 1). However, in Phase I, 
coincident with preoperative preparation 
(consisting of a complete chest, abdomen, 
and leg shaving, antiseptic wash, and 
enema — indicated in Fig. 3 by a black bar 
with an “E'" at the time of the enema) each 
patient had a major episode of cortisol 
secretion. Plasma cortisol concentration 
reached values that were between 6.9 and 
10.5 standard deviations above the mean 
level for the control subjects at the corre- 


sponding time of day. The mean concen- 
tration for the presurgical patients during 
Phase I (7.1 pg/lOO ml) was 3.7 times higher 
(P < .001) than that of the normal subjects 
(1.9 /xg/100 ml) (Table'2). The difference in 
Phase I maximum concentrations between 
the two groups (16.4 4.0 /i,g/100 ml) 

was also highly significant (P < .001), as was 
the difference between the two groups in the 
length of the dormant period {P < .001) 
(Table 1). 

The elevations in plasma cortisol concen- 
tration coincident witli preoperative prep- 
aration appeared to represent a discrete 
pulse of cortisol secretion followed by a 
peiiod of several hours with no further corti- 
sol secretory pulses while the plasma con- 
centration fell. The secretory pulse asso- 
ciated with preoperative preparation oc- 
curi'ed during the period of the day when 
cortisol secretion was at a minimum in the 
control subjects. 

It is difficult to separate out the influence 
of the different components of the pre- 
surgical preparation. For example, in one 
patient (W), the cortisol secretory episode 
associated with preoperative preparation 
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Fig. 2. Mean and standard devia- 
tion of plasma cortisol concentra- 
tion at 20-minute intervals for 
a 24-hour period in five control 
subjects. 


preceded the enema, whereas in the other 
patients the enema either just preceded, 
or was coincident with the pulse of secre- 
tion. While a secretory episode always began 
during the period of preparation, no single 
component of that preoperative preparation 
(shaving, enema, or antiseptic wash) showed 
a consistent temporal relationship with the 
timing of the secretory response. 

Another major pulse of cortisol secretion 
appeared to be associated in patient X with 
the preoperative teaching procedure (shown 
by a “T'* in Fig. 3) in which the patient 
was instructed about the intensive care 
situation in which she would awaken after 
the operation. However, patients W and Z 
also experienced a similar preoperative 
teaching procedure and no major pulse of 
cortisol secretion immediately followed 
in either case, although patient W, who had 
that experience earlier in the day, did have 
a minor pulse afterward. Patient Y received 
no preoperative teaching because he had 
previously undergone the same operation a 
year earlier. It is interesting to note that he 
had the smallest peak of cortisol secretion 
in response to the preoperative shaving 
procedure. 

Other pulses of cortisol secretion which 
occurred during the day could not be re- 
lated consistently to potentially stressful 
events. For example, the insertion or rein- 


sertion of an intravenous catheter (for this 
study or for laboratory tests which were per- 
foimed on the patients — indicated in the 
Figures by the letters “IV**) was occa- 
sionally, but not consistently, followed by a 
pulse of cortisol secretion, but such pulses 
were unremarkable since cortisol concentra- 
tion in those cases never rose above 2 stand- 
ard deviations from the control subject 
mean. Similarly, times of high anxiety rat- 
ings could sometimes, but not consistently, 
be related to secretory episodes and no 
significant correlation could be detected be- 
tween anxiety rating and plasma cortisol 
concentration (P > .05). Secretory episodes 
of similar magnitude and timing often oc- 
curred in both the control suujects and the 
presurgical patients with no apparent 
psychogenic stimulus. In fact, inspection of 
the patterns either visually (Figs. 1 and 3) or 
by phase statistics (Table 2) shows that the 
patterns of the presurgical patients were 
indistinguishable from those of the controls 
at all times except during preoperative 
preparation. 

Discussion 

The twenty-minute sampling procedure 
revealed an episodic 24-hour cortisol secre- 
toiy pattern in both the control subjects and 
the presurgical patients. The 24-hour pat- 
terns in the control subjects were consistent 
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with previously published patterns of fre- 
quent plasma cortisol measurements in 
nonnal subjects (18-20, 34, 35)* 

The pattern of plasma cortisol concentra- 
tion in the presurgical patients remained 
within the limits established for the nonnal 
controls for most of the preoperative day* 
This was in spite of, a) the mean age differ- 
ences which existed between the two 
groups, b) the fact that those in the control 
group were personal acquaintances of one of 
the authors, whereas the presurgical pa- 
tients were not, c) differences in the time of 
catheter placement between the two groups, 
d) the few medications noted in the methods 
section that were taken by the presurgical 
patients but not the control subjects, and e) 
most importantly, the many incidents during 
the presurgical studies which provoked 
overt and often verbal expressions of appre- 
hension and anxiety relating to the patient’s 
upcoming surgery* Furthemfiore, these pa- 
tients who had been facing the threat of 
the operation for some weeks did not have 
the kind of psychoendocrine activation of 
the adrenocortical axis which Sachar et aL 
have demonstrated in depressed patients 
(29). The presurgical patients neither had 
markedly elevated plasma cortisol concen- 
!rations throughout the day nor an increased 
number of daily secretory episodes (Table 
1). This suggests that neither the discrete 
emotional stresses associated with the im- 
mediate presurgical situation nor the longer- 
term anticipation of upcoming surgery re- 

> 

Fig* 3. 24-hour pksmu cortisol concentnition patterns 
in four patients on the day prior to elective coronary 
artery bypass graft surgery superimposed over the 
mean pattern (±SD) from the control subjects (of 
Fig. 2). Time of mean sleep onset is used as the 
common time reference, as in Fig. 1; the times of 
lights out and waking are also similarly indicated. 
Symbols beneath each graph indicate the time whet* 
certain events occurred: '3V"-insertlon of an intra- 
venous catheter; ‘T"-preoperative teaching, which 
involved instruction designed to acquaint patients 
with what they should expect after surgery. The 
time of presurgical preparation is indicated by a 
horizontal bar, with the letter “E” specifically de- 
noting the time of the preoperative enema. 


suited in hyperactivation of the hypo- 
thalamic-pituitary-adrenocortical axis. 
Most episodes of secretion that were ob- 
served in both the normal subjects and the 
presurgical patients could not be reliably 
correlated with environmental stimuli* 
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Table 2, Analysis of cortisol concentration (fig/lQO ml) during each phase of the 24-hour cycle 




PKast: 1 


Phase 11 


Phase III 


Phase IV 



( 

-4 ID 2}* 


12 to 4)* 


(4 to 9)* 


(-15 to 

-4}* 


Subject 

Mean ± 5t) 

Min 

Max 

Mean ± .SD 

Min 

Max 

Mean a; bD 

Min 

Max 

Mean ± SP 

Miu 

Mux 

Control 













A 

iJZ ± 0.6 

0.2 

2.5 

5.6 ± 5-2 

1.0 

12.3 

11.9 ±2.6 

8,5 

17.3 

6.1 r 1.5 

2.6 

9.0 

B 

0 3 i 0.6 

O.D 

2.1 

6.6 r 5.0 

00 

12.7 

U.6± l.B 

6.4 

13.3 

7,0 ± 3.6 

0.3 

13.0 

C 

3.5 ± 1,0 

0.4 

S.3 

9.5 - fi.O 

3.2 

17.4 

12.4 r 6.6 

4-5 

21.5 

8.9 ± 2.7 

4.7 

14.6 

D 

2.7 ± 2.3 

0,0 

7,2 

O.l ± 4.3 

4.7 

15.4 

13.6 ± 2.8 

9,1 

18.6 

6.4 ±3.1 

0.4 

13,7 

E 

!.6± LI 

0.0 

3,1 

5.0 ± 3.1 

0.8 

13.3 

16.4 r 1.4 

13.3 

18.0 

8.5 ± 3.6 

3.2 

15.5 

Mefin 

1.9 A 1.3 

0.1 

4.0 

7-2 :t 2.0 

1.9 

14,2 

13.2 ± 2 0 

8.B 

17.7 

7.4 ± 1.3 

2.2 

133 

Pre- 













surgical 

W 

8,1 ± 5.6 

2.1 

20.6 

7.1 - 5.7 

2.1 

16,6 

15.0 ± 3,2 

0.3 

10,0 

B.3 ± 2.0 

4.5 

13.1 

X 

10.3 3.3 

6.2 

17.6 

6.4 ± i.l 

5.2 

7,9 

13.9 ± 6.3 

4.6 

27.2 

8.2 ± 2.S 

5.9 

16.6 

Y1 

4.S ± 1.9 

3.1 

11.3 




(115) 



B.l ± 2.3 

4.3 

14.1 

Z 

S.4 ± 3.0 

0,0 

16.B 

10.5 i 3.8 

6,6 

161 

9.9 ± 3.2 

5.4 

15.4 

7.9 ± 2.1 

2.6 

12.7 

Mean 

7.1 i: 2.3 

2.9 

166 

7.9 - 1.8 

4,6 

13.6 

12.6 ± 2,3 

6.4 

20,5 

8.1 ± 0.2 

4.3 

14.1 

P value 

<.001 

<,0S 

c.OOl 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 


* Hours before and after mean sleep onset (MSO), 

NS = not significant {P > .05}. 

f See footnote about misstiiR samples for 'T'’ In Table 1. 


These findings thus support the concept 
that even during the waking period, the 
episodic pattern of plasma cortisol concen- 
tration is part of an endogenous cyclical 
functioning of the pituitary-adrenocortical 
axis rather than a series of responses to 
intermittent environmental 5timiili (19). 

In contrafst there was a single event 
during the late evening that was consistently 
related to a major pulse of cortisol secre- 
tion in the presurgical patients. Preoperative 
preparation, whuh consisted of complete 
chest, abdomen, and leg shaving, antiseptic 
wash, and an enema, induced a major pulse 
of cortisol secretion which raised the cortisol 
concentration between 6.9 and 10,5 standard 
deviations above the control subject mean 
values for that time of day. This response of 
the pituitary-adrenocortical axis occurred 
at whatever time in the evening each pa- 
tient was pveoperatively prepared. It there- 
fore appear^i to have been induced by either 
the psychological or physiological com- 
ponents of that complex stimulus, since 
none of the differences between the two sub- 
ject groups which were noted in the pre- 
ceding paragraph could account for such a 
temporally related change in cortisol se- 
cretion. 


It is possible that on the evening before 
open-heart surgery, body shaving could 
provoke the acute focusing of diffuse and 
unconscious anxieties about an approaching 
surgical procedure, thus seriously challeng- 
ing and perhaps temporarily overwhelming 
a patient's psychological defenses by con- 
fronting him with the reality and the im 
mediacy of his forthcoming operation. This 
explanation would be consistent with pre- 
vious observations on the parents of fatally- 
ill children during an acute challenge to 
psychological defenses (8). Alternatively, 
the preoperative preparation could act as 
a physiological stimulus since considerable 
non-specific sensory stimulation was in- 
volved although previous work has sug- 
gested that other late evening sensory 
stimuli do not always result in an increase 
in cortisol secretion (36). In either event, it 
would appti’i thus, while the normal pattern 
of episodic cortisol score liou generated by 
an endogenous mechanism, additional 
secretoiy episodes can be specifically in- 
duced by episodes of stress. 

The present study has shown that secre- 
tory episodes induced by environmental 
events during periods of normally minimal 
cortisol secretion can result in considerable 
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disruption of the normal circadian distribu- 
tion of plasma cortisol pulses. This finding 
may provide an explanation for the occur- 
rence of circadian rhythm internal desyn- 
chronization in monkeys subjected to vari- 
ous stressors (37), and human subjects with 
a high neuroticism index who are placed 
in isolation (38). Moore Ede (39) has recently 
demonstrated that the circadian rhythm of 
plasma cortisol concentration plays an 
essential role in synchronizing circadian 
rhythms of electrolyte metabolism with the 
circadian rest-activity cycle. When the 
plasma cortisol circadian rhythm is elimi- 
nated by the continuous infusion of replace- 
ment corticosteroids in adrenalectomized 
human or animal subjects, circadian rhythms 
such as renal potassium excretion become 
desynchronized from the rest-activity cycle, 
and oscillate with their own free-running 
period. Environmentally-induced stresses 
which cause the circadian distribution of 
secretory episodes to approach a continuous 
series of secretory episodes thus might 
cause the loss of the synchronizing cue 
normally provided by the plasma coriiso! 
circadian rhythm. In this situation, those 
circadian oscillations in physiological 
variables which are normally synchronized 
by the plasma cortisol rhythm would begin 
to free-run, while other variables with circa- 
dian rhythms which are not dependent on 
the plasma cortisol rhythm would remain 
normally synchronized with environmental 
time cues. This postulated mechanism for 
the initiation of circadian internal desyn- 
chronization clearly requires further experi- 
mental testing, but it is possible that this 
may be an important process in the patho- 
physiology of stress. 

Another important conclusion from the 
present study is that frequent blood sam- 
pling for at least 24 hours must be used to 
define the influence of environmental 
variables on the pituitary-adrenal axis. The 
late evening pulses of secretion demon- 
strated herein would probably have been 
overlooked if samples had been taken in- 
frequently or over limited periods of time. 
This explains why earlier studies of pL'Sma 


cortisol concentration measured once or 
twice daily in presufgical patients (40-42) 
yielded inconsistent results. In the present 
study, the 8 AM mean cortisol concentration 
in our four preoperative patients was 11.6 
/Lg/100 ml (range 8,4 to 16.2), whereas the 
8 AM mean of the normal volunteers was 
14.0 /jtg/100 ml (range 10,5 to 18.0) — statis- 
tics which fail to reflect the consistent differ* 
ences which did exist between the two 
groups at a later time of day. Similarly, 
the 24-hour mean plasmt cortisol levels did 
not indicate the diffei ences between the 
two groups. Furthermore, it is clear that 
adequate analysis of the results of such fre- 
quent blood sampling must include statisti- 
cal comparisons with a true control group 
at corresponding times of day; failure to do 
so adequately in an earlier study of multiply- 
sampled presurgical patients by Wise et al. 
led them to o\erlook the consistent and 
significant changes demonstrated in our 
study, which also, in retrospect, appear to 
have occurred in their patients before 
surgery' (43). 

In summary, in this study it has been 
possible to clarify the influence of environ- 
mental stimuli on the 24-hour secretion pat- 
tern of plasma cortisol by using the multiple 
frequent blood sampling technique. We 
have shown that the circadian pattern of 
plasma cortisol concentration consists of a 
sequence of episodic pulses which are 
normally unrelated to specific environ- 
mental stimuli, even in a situation in which 
there were many anxiety provoking events. 
However, major secretory pulses can 
reliably be superimposed on the endog- 
enous cyclical pattern by certain acute en- 
vironmental stimuli, such as preoperative 
surgical preparation. 
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ABSTRACT 


The response of the circadian rhythms o£ feeding, drinking, activity, body tan- 
perature, and urinary potassium, sodium and \vater esjcretion to manipulations of 
environraaital time cues were studied in four concious diair-acclirnatized squirrel 
monkeys (Saiinirl sciureus) . With lights on (600 line) from 08,00-20.00 hr and 
off from 20.00-08.00 hr daily (LD 12sl2), prominent circadian rhythms in each 
of these variables ware seen, with maxima in each case during the lights-on 
period. When the light-dark cycle was manipulated to provide 36 hours of darkness 
followed by 36 hours of light each circadian rhythm persistei with an approximately 
24-hour period, and thui '<jas demonstrated not to be passively dependent on the 
light-dark cycle. When the light-dark cycle was abruptly phase-delayed by 8 hours 
so that light-on thereafter occurrai between 16.00 and 04.00 hrs, all the moni- 
tored circadian rhythms resynchronized with the new light-da r k cycle phase, dsnon- 
strating that light-dark cycles are an effective zeitgeber. However, the rate of 
resynchronization differed between variables so that the resynchronization of 
the rh^.'thmr of feeding, drinking, activity and body temperature was 90% complete 
within approjcimately 2 days while tlie 90% jcesynchronization of the circadian 
liiythms of urinary potassium, sodium and water excretion todlc approximately 5 days. 
These results suggest that the circadian timing ;^ston in Sainiiri sciureus may 
consist of several spontaneously oscillating units which become transiently 
uncoupled during partubations of environmantal time cues. 


index TERMS; circadian rhythms, transient internal desynchronization, 
squirrel monJeey, light-dark cycle, zeitgdoer phaseshift. 
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Endogenous circadian oscillations in physiological variables have been 
dsmonstrated in organisms ranging frcm unicellular algae (13) to man (8) . 

There is now considerable evidence to suggest that these physiological 
rhythms are generate by self-sustained oscillators vdthin the organism (20, 

21) . liiese circadian oscillators are noniially sy icihronized by env;-roimental 
time cues, such as the light-dark cycle, but in {. le absence of such cues, the 
oscillating system dononstrates free-runioing periods which are usually dif- 
ferent frcm 24 hours. 

Any conclusion as to the organization and jiiysiology of these circadian 
oscillators must be ampatible vdth an iicportant phenomenon Joiown as "inteinial 
synchronization.'* It has been demonstrated in both unicellular (19) and 
multicellular (2,3,6,11) oirganisms that when circadian rhythms in several 
physiological variables are monitored simultaneously in an individual animal 
they are usually foiand to have identical periods. This has been observed whether 
the organist! is synchronized by environmental time cues or has its circadian 
rl^thms free-running under constant conditions. Such internal synchronization 
either demands that within an organism there must be only one oscillator or 
"clock" upon which all endogenous circadian rhythms are passively dependent, , 
or, if there is more than one oscillator, then the various oscillators must 
be normally synchronized with one another. 

'^'.is paper reports studies in which we have manipulated environmental 
time cues to determine the extent of the coupling between seven be- 
havioral and physiological variables vhich show circadian rhythmicity in the 
squirrel monkey. If constant internal phase relaticMiships were maintained 
between the various circadian rhythms throughout these pertubations then this 
vjould suggest that all the rhythms were passively dependent on a single 





circadian oscillator. On the other hand if certain oscillating functions 
responded more rapidly than others to pertubations in en\rironitiental time 
cues, so that transient circadian internal desynchronization was observed/ then 
this would suggest the possibility that the circadian timing system in the 
squirrel monkey is con^xased of multiple potentially-indepandent oscillators. 

MATERIMg AND iy[E?rHODS 

The studies were psrf ormei using four adult male squirrel rooriceys 
( Saiitiiri sciureus) weighing 600-900 gms. For periods of up to three wedcs, 
continuous urine collections were obtained fron unanesthetized monkeys / con- 
ditioned to sit in a specially designed metabolism chair. Environmental illu- 
mination/ taiperature arid auditory stimuli were cxcntrolled by conducting experi- 
ments within an isolation dhambar. Once the monkeys were conditioned, they 
tolerated studies lasting two to three weeks, and showed no ill effects or loss 
of agility upon return to their cages. While in the metabolism chair they 
behaved normally and maintain^ body weight. 

Ifet-ahnli.qm Chair . The design of this chair was based upon the squirrel 
monkey chairs used in the behavioral experiments of Kelleher and Morse (16) . 

The monkey sat on a bar and was restrained by a plexiglass sheet vdiich served 
as a table around its waist. The space between the table and the monkey was 
sealed by a soft rubber waist cuff. !Ihe monkey had freedom of movement abcut 
the waist. Below the plexiglass table, it could either squcit with its feet 
on a footrest or sit on the perch. 

A lever was pixjvided which the animal could operate to obtain food pellets. 
Pellets were delivered into a tray directly in front of the animal frcm a pel- 
let dispenser {Model 11-1, Cferhrands Co., Arlington, Massachusetts). Drinking 
water was provided from a calibrated water bottle. 
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A padded funnel, placed between the wonlcey's legs, .enabled the collec- 
tion of urine samples uncontaniinated by feces and food d^ris. Urine passed 
frcin the funnel into test tubes within a specially designed autcniatic fraction 
cjollector. Hie apparatus ^nMch contained slots for 24 test tubes (100 x 15 ran) 
was rotated every two hours by a stepping motor (Ledex 24-step Digimotor, Ledeic, 
Inc. , Dayton, Ohio) . Hie fraction collector was cxivered by a sheet of plexi- 
glass vdiich both prevented particles from falling into the test tubes and 
served as a foot rest for the monkey. 

Isolation Chamber. Hie monkey, chair and fraction collector were housed 
in a tenperature-controlled isolation chamber (Forma Scientific, Models 12 or 
20, Iferietta, Ohio) . The chamber tarisrature was monitored by a continuously 
reocnrding thermometer (Badiaradi Instrument Co. , Pittsburg, Pennsylvania) . 

To provide ventilation, the fan on the heating-cooling unit was used to pro- 
vide a circulation with air fretti outside the chamber, 

A light source within the chamber, yielding approximately 600 lux of 
v^iite li^t, was switched on each day in control studies from 08.00-20.00 hi 
and off frcm 20. QO 08.00 hr. Pittien the light was off there was less than 1 lux 
of illumination in the chamber. The animals ware thus subjected to a 24-hour 
light-dark cycle (UD 12:12; 600: <1) . 

The isolation chanibers partially attenuated extraneous sounds and a 
i'diite noise source was used in addition to provide further muffling. The white 
noise was generated by a Grason-Stadler Noise Generator (Model 901-B, West 
Concord, Massachusetts) . Activities outside the chamber had no disoemable 
effects on the animal’s behavior. 

Experimental Control and Recording Systars . Hie timing and control of the 
experimental system were accanplishtd by an automatic switchboard. One section 


of the switchboard was controlled by a clock vAiich operated switches in elec- 
trical circuits every two hours thus activating the stepping motor of the frac- 
tion collector, the timing record on the continuous paper recorders, and the 
counter and switch which controlled the illumination cycle of the isolation 
chamber. Another part of the switchboard controlled the food pellet delivery 
to the monkey. The number of lever operations to gain a pellet was controlled 
by a counter and the time between pellet deliveries was controlled iy an ad- 
justable timer. 

Feeding, drinking and movements in the chair were recorded from each 
monkey continuously using Harvard C-3 cuinnulative and 6-pen recorders (Gerbrands 
iVrlington, Massachusetts) . Physical activity was monitored by an ultrasound 
motion detector (Alton Electronics Co. , Gainesville, Florida) . Drinking froti 
the water bottle was detected by closure of an electrical circuit between the 
perch, the monkey and the water bottle spout. The volume c£ water consumed 
each day was determinai fcy neasuring the fluid level according to calibrations 
on the water bottle. The drirjking water contained less than 1 iriBg/L of sodium 
or potassium and hence contributed insignificantly to the dietary intake of 
these electrolytes, 

Foocl pellet lever responses and food pellets obtained were also recorded. 
Electrical pulses were| generated fron the autcsnatio switchboard by the food 
lever countdown devices and these were used to activate the recorders. An 
additional cummulative counter was used to record the total pellets obtained. 
The 24-hour focd intake could be road from this counter. By ' '‘.justing the 
number of response.^ required to gain a pellet it was possible to ensure that 
the monkey would eat all of the food pellets delivered. 


Body Tanperature* Continuous recordings were made of core bo^ tempera- 
ture using thermistors built in the laboratory. Prior to in 5 )lantation, the 
thermistors were each calibrated by measuring the resistance across a Wheatstone 
Bridge vjhile the thermistor was iimtarsed in a water filled vacuum bottle at 
various tertperatures. ftn M.B.S. specification total immersion c^tigrade 
thermoneter was used to determine the calibration tarperatures. The thermis- 
tors were inplanted using a sterile operative proc^ure. Anesthesia was in- 
duced and maintained with Halothane (2-hronO/ 2-chloro, 1,1,1-trifluoroethane, 
Pluothane) in oa^en. A left paramedial incision was made and the left retro- 
peritoneal space was es^xjsed by blunt dissection. Thermistors# sterilized fay 
soaking in Zephiran (benzal-konium chloride) solution# were inplanted in the 
retroperitoneal space. The thermistor was tied in place with nylon sutures 
through the abdcminal wall muscles and the thermistor leads were brought out 
to reach the skin surface between the animal’s shoulder blades. The external 
leads were protected by placing a nylon mesh jacket on the monkey which other- 
wise allowed the animal fi:e«3om of movanent. During ejjperiments, body tanpera- 
ture was recorded by COTnecting a cable to the thermistor leads. The cable 
was led out of the isolation chamber and connected as one arm of a Wheatstone ' 
Bridge. The bridge output was aitplified and recorded on a Grass Instrument Co. 
(Quincy# Massachusetts) Polygraph Model #7. The Grass paper record was cali- 
brated using the previously determined calibration graph. The thermistors 
underwent no detectable drift in calibration or sensitivity change over the 
course of the experiments, and this was confirmed by repeat calibrations up to 
four months later. 

Light-Dark Cycle Disruption . A two day period of acclimatization to the 
metabolism chair and isolation conditions was allowed before each experiment. 
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Four monkeys were then studied during a control day with lights off from 20.00- 
08.00 hr and lights on from 08.00-20.00 hr CU) 12:12). They were then subjected 
to 36 hours of continuous darkness followed fcy 36 hours of oontinuDus light. 
During the four days of the es^erlment/ urine collections and recordtogs of 
feeding and activity and drinking were made as described above. Food and water 
VTere available ^ lib throughout both light and dark conditions during this 
study. 

8-Hour Lighb“Dark Cycle Phaseshift. After a two day acclimatization 
period, four monkeys were studied for two control days with lights on be- 
tween 08.00 and 20.00 hr daily. Hxe animals were then subjected to an 8 hour 
phase-delay of the light-dark cycle by adding 8 hour of light to the end of the 
second control day. Thereafter, lights were on frcm 16.00 hr to 04.00 hr 
daily. During the experiment, the monkeys were allowed to feed and drink ad 
lib. Care was taken to open the isolation dhartiber only during the monkey's 
self -selected activity and feeding periods. Continuous recordings were made of 
activity, feeding, drinking, body ten^jerature and urinary excretion rates as 
described above. 

Urine Analyses. After the tarine saitples were ranoved from the fraction 
collector they were acidified with two drops of 25% sulfuric acid and refrig- 
erated at 4“C. The volume of urine in each tube was measured, and sodivim and 
potassium concentrations were analyzed flame photometry (Instrumentation 
Laboratories, Lexington, Massachusetts). Urine excretion rates ^Eq/hr) were 
then calculated for eadti electrolyte from the volume of each sample, the con- 
centration of the electrolyte and the length of time over vhich the sample was 


collected. 
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Data Ptxacessing , The urinary data was first expressed as a smoothed i±ree- 
point running mean. This was dc«ne by averaging the excretory rate during each 
two-hourly period with the excretory rates of the two neighboring two^lourly 
collections. This procedure reduced the influence of the monkey's irregularly 
mictxiritions on the excretory pattern without significantly affec±ing the 
arnplitruie of any circadian periodicily in the data. 

In order to define the phases of the rhythms in urinary excretion, the 
data was expressed as a percentage deviation faxm a running 24 hour mean. This 
24 hour mean was calculated f rom the excretory values for 12 hours on either 
side of each data point. In order to do this tnrine was collected for 12 extra 
homrs at the beginning and end of each ej^serimental run. The phase of the 
oscillation was defined in terms of the two clock times (K.D.T .) , at which it 
passed upwards and downwards through the running 24 hour mean on each cycle 
(i.e., the zero crossings). A similar computation was undertaken to determine 
the phase of the circadian rhythm in body tenperature, v^le the phases of the 
circadian rhythms of activity, feeding and drinking were ocxiputed from the 
daily clock times of ccwmenceinesnt and termination of each b^avioral activity. 
This process of phase determination was repeated for each variable for each 
cycle throughout the experiment. Phaseshifts were then cenrputed by catparing 
the clock time (in hours) of the rhythm zero crossings on each experimental 
day with the mean clock tine of the equivalent zero crossings during the 
control days of the experiment. Cotputations were performed using a Hewlett- 
Packard 2116B oenputer. 


RESULTS 


Response to PertubatioTL. of tlie I»ight~Dark Cycle. 

Figure 1 presents t±e niean { ± SEM) results f rcm four monkeys ei^osed to 
the light-dark schedule of 36 hours of continuous darkness followed by 36 hours 
of continuous light. On the control day before the disinapted light-dark cycle/ 
the monkeys denonstrated tteir nonnal circadian rhythms of activity/ feeding, 
drinking and urinary potassium/ sodium and water excretion. Ml mcsvanents in 
the chair, feeding and drinking were confined to the lights-on segment of the 
24 hour cycle although food and water were ccsitinuously available throughout 
day and night. Urinary potassium excretion fell to a minimum of 66,5 ± 26.2 
PEq/hr at 07.00 hr and then rose to a maximum of 203.0 ± 58.1 liEq/hr at 19.00 hr. 
Urinary sodium excaretioh similarly showed a circadian rhythm witii a minimum of 
24.0 ± 19.1 pEq/hr at 09,00 hr and a naximum of 41,2 ± 24.8 pEq/hr at 19.00 hr. 
Urinary water excretion fell to a minimum of 787.4 ± 223.0 |iL/hr betweai 05.00 
and 07.00 hr and tlien rose to a maximum of 1849.9 ± 408.0 yL/hr at 13.00 hr. 

During the 36 hours of constant darkness the circadian rhythms of activi- 
ty/ feeding, drinking, urinary potassium, sodium and water excretion all per- 
sisted despite the absence of the 12 hour light period during the second day of 
the experiment. Movements in the chair, feeding and drinking were again vir- 
tually restricted to the 12 hours between 08.00 and 20.00 hr although the 
monkeys were in the dark and isolated frcm other environmental time cues. 2he 
amplitudes of all these behavioral rhythms however, were reduced during the per- 
iod of constant darkness. In contirast, the circadian rhythms of urinary potas- 
siimi, sodium and water excretion persisted with unchanged amplitudes. 
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Vtoea the animals were subjected to the 36 hours of constant light during 
days 3 and 4, the circadian rhythms of the behavior^ and urinary variables 
again continued vd.th little change in pattern. When the lights were left on 
overnight between 20.00 and 08.00 hr on day 4, there was a small amount of 
additional activity, feeding and drinking at the beginning and again at the 
end of the "night". However, most activity, feeding and drinking was confined 
to the "day" period between 08.00 and 20.00 hr. The circadian rhythms of 
urinary potassium ansi water excretion continued with an unchanged aii 5 )litude 
but that of urinary sodium excretion was reduced in aiiplitude on the last day 
of constant light. 

RespcBise to 8-Hour Light-Dark Cycle Phase-Delay . 

A representative response of a monkey to the 8-hour phase-delay of the 
light-dark cycle is shown in Figure 2. Similar responses were seen in all 
four mohk^s studied. During the two control days, the monkey confined rciove- 
itents in the chair, feeding and drinking to the light-on period of the 24 hours. 
The body tsrjjerature of the monkey danonstrated a prominent circadian rhythm 
with an anplituds of more than 2®C. Body temperature fell to a nocturnal mini- 
mum at ^prcsdmataly 06.00 hr and started to rise each day before the lights 
switched on, and then reached a plateau level at v^ch it remained throughout 
most of the light-on period. Body tatperature then fell at the time of lights- 
off. Urinary potassium eKcretion fell to a nocturnal minimum at 05.00 hr and 
rose to a daily maximum at 17.00 hr as in the previous e>periinent. Urinary 
sodium excretion fell to a minimum at 03.00-07.00 hr and reached a maximum at 
19.00 hr, and urinary water excretion fell to a minimum at 07.00 hr and rose 
to a maximum at 19.00 hr. 
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After the light-dark cycle phase^iift the circadian rhythms of activity, 
feeding and drinking rapidly readjusted to the new light-on phase of the 24 hour 
cycle. The rhythm of body tenperature on the first day after the light-dark 
cycle phaseshift started rising at 08.00 hr although the lights had not come 
cjn and the monkey had not yet started its activity, feeding and drinking. 

The tanperature rose ty approximately 1.6®C and then fell back towards the 
nocturnal level before rising finally vhen the lights did ocme on at 16.00 hr. 
The body taiperature fron 16.00 to 20.00 hr ranained at a plateau similar to 
the control day tacperature. Then although the lights were not switched off 
at 20.00 hr, as they were during the two previous days, body tat^seiature 
started to fall towards the nocturnal level. This phenomenon was seen in each ■ 
of the four monkeys studied during the light-dark cycle phaseshift. The circa- 
dian rhythm of body tenperature gradually adjusted to the new light-dark cycle 
over the next several days. ®ie circadian rhythms of urinaiy potassium, sodium 
and water excretion also began to adjust to the new light-dark cycle phase but 
this process occurred more slowly. 

The phaseshifts of each of the monitored physiological variables were 

quantified using the "zero crossing" procedure descaribed in the Methods Section. 

The results for the four animals are presented in Figure 3. Each circadian 

rhythm lesynchronized with the new phase of the light-dark cycle. 

Howesver, a transient internal desynchronization was seen with certain rhytiims 

phaseshifting more rapidly than the others- 

let * • 

An exponential function AO = -Afi - C, where A0= the phaseshift in hours 
and t = the time after the ID phaseshift in hours, was fitted to the phaseshift 
data for each variable using an iterative non-linear least-squ^es regression 
program based on the Marquardt algorithm . The value for the fitted parameters 
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A, k and C for eacih Eiiysiological variable, together with the time for the 
variable to achieve 90% of the light-dark cycle (8 hour) phaseshift are given 
in Table I. While the phaseshifts of the circadian rhythms of activity, feeding, 
drinking and body taiperature x^ere 90% corplete within appamimately two days 
(51.2 hours) after the light-dark phaseshift, it took 110.5 - 132.9 hours for 
the circadian rhythms of urinary potassium, sodium and water excretion to phase- 
shift by the same distance. Covariance analysis indicated that the rhythms of 
tiie urinary variables took significantly Icxiger to phaseshift (pc. 05) than the 
behavioral and bo(^ tenperature rhythms. There was no significant difference 
between the individual rates of phasediift in the differait urinary variables, 
nor between the rates of ph^eshift among the non-binary rhyttmis. 

Table II presents the calculated periods of each of the circadian rhythms 
at intervals after the light-dark phaseshift, ccnputed from the instan- 

taneous slopes of the fitted e^^jonential functions for each variable. In order 
to achieve a phase delay, each rhythm must transiently shew an increase in period. 
This table demonstrates that the periods of each of these rhythms, although all 
24.0 hours before and after the phaseshift, show different periods during the 
phaseshift because they shift at different rates. They are, therefore, tran- 
siently internally desynchronized. 
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DISCDSSIC3N 


The squirrel monkey was danonstrated to have prcminent circadian rhythms 
in activity, feeding, drinking, body temperature, and xarinary potassium, sodium 
and vjater excretion ^diich were normally synchronized with the environmental 
light-dark cycle. The circadian rhythms in these variables were not passively 
dependent cm the light-dark cycle since they persisted with an apprcadmately 
24-hour period when the animals were subjected to 36 hours of constant dark- 
ness, followed by 36 hours of constant light. However, when the environmental 
light-dark cycle was shifted to a new phase which was maintained for at least 
eight days, all the mordtored rhythms eventually resynciironized, achieving the 
same phase-relationships .with the new light-dark cycle. This confirmed the 
earlier reports of Richter (22) vho suggested that the dominant circadian 
zeitgeber (environmental tine cue) for the squirrel moiikey was the light-dark 
cycle. 

The purpose of the current study was to determine vhether changes in the 
internal phase-relationships between circadian rhythms in different variables 
in the same animal could be induced by zeitgeber manipulations . It was found 
in the squirrel monkey that this could be achieval vhen the animals were sub- 
jected to an abinapt phaseshift of the light-dark cycle. The circadian rhythms 
of activity, feeding, drinking and body temperature resyncihronized by 90% of 
the light-dark cycle phaseshift within approximately two days. Hcwever, the 
circadian rhythm of renal potassium, sodixim and water exciretion todk approxi- 
mately five days to undergo the same 90% phaseshift. There was scaije suggestion 
that the circadian rhythm of activity phaseshi f ted more rapidly than all other 
variables, however because of variability in the rates of phaseshift between 
individual aniitals this difference was not found to be statistically significant 


by covariance analysis. 


tern internal desynchronization is used to describe a state ^^lere 
different oscill atin g variables, whicii normally have identical periods and 
constant phase-relationships within an animal (i.e., are internally synchronized), 
damcnstrate different periods and therefore constantly changing phase-relation- 
ships (4,25,26). The calculation of the period of each monitored circadian 
rhythm at 24 hourly int^nrals after the light-dark cycle phaseshift in the 
eorrent studies (Table II) demonstrated that the various rhythms had different 
periods at each instant of time during the resynchronization process. However, 
once all the circadian rhythms had resyndhronized with the light-dark cycle after 
approximately seven days, then they all demonstrated an identical period (24.0 
hours) and their original constant internal phase-relationships. Because the 
internal desynchranization that was observed between the rl^fthmic variables in 
the current experiments was observed tenporarily between two stable s^chronized 
states, it should be referred to as transient internal desynchronization. In 
contrast, the term steudy state internal desynchronization is restricted to a 
situation vdiere two or more rhythmic variables are shown to coiplete internal 
phase-angle shifts of at least 360° with respect to one another (25,26). 

The transient internal desynchronization that was seen between the urinary 
circadian rhythms and the other circadian rhythmic variables in the current 
ejsperiments suggests that the circadian timing systan in the squirrel monkey 
may be ccmposed of more than one potentially— indepaident oscillating unit. 

After an abrupt change in the phase of the doninant zeitgeber, the various oscil- 
lators appeared to become transiently uncoupled. Transient internal desynchroni' 
zation after environmental zeitgeber phaseshifts also appear to occur in rodents 
(14,15) and humans (5,8-10,17,18) , although the data is harder to interpret- In 


rodents » the tiite course of the phaseshifts of different rhytdimic variables 
cannot be determined in an individual animal because the rhythms have beei 
determined by sacrificing groups of animals for each data point. In human 
subjects, studies of seitgeber phaseshifts are ccstplicated the ability of 
man to willfully phaseshift his activity, feeding and other behavioral functions 
with respect to environmental time cues. Thus, the influence of zeitgeber 
phaseshifts cannot be easily separated from the effects induced by simultaneous 
conciously-iitposed phaseshifts in behavioral patterns. In the present studies, 
however, we have been able to examine in the squirrel monicey the phaseshifts of 
multiple variables simultaneously in individual animals in response to the 
manipulation of only one zeitg^ser. 

The internal phase-angle shifts which occur during resynchronization with 
a new light-dark cycle phase cannot be taken as conclusive proof that the cir- 
cadian timing ^stem is canposed of multiple oscillating units. It is possible 
that there is a single oscillator and that there are majctr delays in the trans- 
mission of phase information to the various tissues which show passive circadian 
rhythmicity. Sudh a mechanism, however, would require inprobable delays, for 
the phaseshift of the urinary circadian rhythms was not cotplete until 72 hours 
after cotplete external resynchronization of the other monitored rhythms had 
occurred. An alternative interpretation would invoke a scheme where a single 
self-sustained oscillator could be driving a set of damped oscillators which 
were not themselves capable of generating self-sustained oscillations. The 
inertia possessed these dartped oscillators could be sufficient to account 
for the transient internal phase-angle shifts that were seen during resynchroni- 
zation with the light-dark cycle. These alternative models have been made 
untenable however, at least in man, by the demonstration of steady-state internal 
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desyndhranization by Aschoff, Vfever and co-workers (2-4,25,26). Ihey have shown 
that more persistent internal desynchronization lasting several weeks occasionally 
occurs in human subjects isolated in a chamber from all escte mal time cues. In 
these experiments, circadian rhythms in different physiological variables have 
been seen to oscillate with independent stable periods so that during the course 
of an ^{periment the different variables may cycle past each other and therdoy 
show internal phase-angle shifts of more than 360®. A multiple oscillator system 
that is capable of uncoupling must .be invoked to ei^lain this observation. 

In contrast, the evidence from Gonyaulux, a unicellular organism, suggests 
that it possesses oily one circadian "clock". McMurray and Hastings (19) have 
shown that four different circadian rhythms of cellular function (photo- 
synthetic capacii^, glcw, cell division and luminescence capacity) continued 
to have constant phase interrelationships during a variety of experimental mani- 
pulations, including a phaseshift induced by abrupt alterations of environmental 
illumination. If we can generalize f:cam Gonyaulux, unicellular organisms would 
appear to have a single circadian oscillator, vhile higher multicellular ovjan- 
i^ms may have multiple circadian oscillators. Such a conclusion is supported 
by recent reports that mammalian or?gans, or even cell suspensions maintained in 
constant culture conditions ^ vitro, can continue to shew persisting circadian 
or ultradian oscillations (1,7,12,23,24). Presumably, each isolated tissue in 
these studies contains one or more self -sustained cirr-adian oscillators which, 
although normally coupled with the other tissue oscillators within the organism, 
can oscillate independently vhen the coupling mechanism is strained or destroyed. 

The evidence frexn the literature suggesting that the circadian timing systen 
in higher animals may consist of an organization of coupled oscillators provides 
a useful basis for a search for oscillator locations and their coupling mechanisms. 
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The poresent studies deinonstrate that the renal electrolyte circadian rhythms in 
the squirrel monkey can be transiently phase-ifelayed f rcci the other monitored 
curcadian rhythms vhen the animal is submitted to an abrupt phaseshift of 
the light-dark cycle. Because these urinary rhythms arise from an organ, the 
kidney, with an anatcmically discrete location and with well defined neural 
and endocrine ccnraunications with other body functions, these studies suggest 
an opportunity to investigate the plysiological nature of the coupling link 
vMch maintains the internal ^nchronization of the renal electi?olyte rlythms 
with other circadian oscillations within the animal. 
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Figure 1 


Figure 2 


Circadian rhyt±ms (mean + SEM) of activity, feeding, drinking 
and urinary potassium, sodium and water excretion in four 
squirrel monkeys. After two eguibration days (not shown on 
the graph) with lights on from 08.00-20.00 hr daily, the 
animals were studied for a control day on the same light- 
dark cycle followed by a 36 lour period of constant darkness 
and then a 36 hour period of constant light. E»espite the 
manipulations of the light-dark cycle each monitored circa- 
dian rhythm persisted with a period of approximately 24 hours. 

The response of a representative monkey to an eight-hour 
phase-delay of the light-dark cycle ^ The circadian rhythms 
of activity, feeding, drinking, body tsnperature and urinary 
potassium, sodium and water excretion are plotted during two 
control days with lights on fran 08.00-20.00 hr, and then for 
the first four days after the light-dark cycle phaseshift 
where lights were on frau 16,00-04.00 hr daily. Each circa- 
dian rl^thm gradually resynchrcnised with the n&j light-dark 
cycle phase. 
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Figure 3 


Response of the circadian rhythms of activity, feeding, 
drinking, body teitperature, and uirinary potassium, sodium 
and water excretion in four squirrel mankeys to an eight- 
hour phase-delay of the light-dark cycle. The change in 
phase of the 'zero-crossing' markers on each cycle, as 
cctipared to the phase of the same markers during -t±e 
control days, was plotted as a function of the time 
elapsed after the light-dark cycle phaseshift. An 
ejqxjnential function was fitted (as described in the 
text) to the phaseshift of the 3±yhhm markers . The cir- 
cadian rhythms of activity, feeding, drinking, and body 
tsi^serature phaseshifted significantly (p<.05) more 
rapidly than the urinary rhythms to the new light-dark 
cycle phase. 


Table I 


Paraneters of the func±ion A$ = fitted to the phaseshifts of the 

inonitoared circadian rhythms after an eight-hour phase-delay of the light- 
dark cycle, vhere is the phaseshift in hours, k is the tdijie constant 
and C is the final steady state phaseshift of the variable in hours. Also 
given is the time for each variable, in to ccniplete 90% of the 

light-daidc cycle phasedhdit. 

t (hours) f ,^ 

A k C 90% of LD 


Activity 

-9.79 

-0.411 

7.41 

9.3 

Feeding 

-5.31 

-0.037 

8.00 

51,2 

Drinking 

-4.99 

-0.046 

8.00 

39.8 

Tentperature 

-6.29 

-0.044 

8.00 

46.9 

Urinary Potassium 

-9.69 

-0.023 

7.88 

U5.5 

Urinary Sodium 

-9.38 

-0.022 

7.65 

132.9 

Urinary Water 

-9.10 

-0.027 

7.66 

. 110.5 



Table II 


Instantaneous periods of the monitored circadi an rhythms at intervals 
during resynchronization with an eight-hour light dark phaseshift. 

Hours After ID Phasesihift 

0 12 24 48 72 96 120 144 168 192 


Activity 

24.0 

24.7 

24.0 

24.0 

Feeding 

24.0 

27.0 

25.9 

24.8 

Drinking 

24.0 

27.2 

25.8 

24.6 

Body Tarperature 

24.0 

27.9 

26.3 

24.3 

Urinary Potassium 

24.0 

28.1 

27.1 

25.8 

Urinary Sodium 

24-0 

27.4 

26.6 

25.5 

Urinary Water 

24.0 

28.3 

27.1 

25.6 


24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.3 

24.1 

24.1 

24.0 

24.0 

24.0 

24.2 

24.1 

24.0 

24.0 

24.0 

24.0 

24.1 

24.0 

24.0 

24.0 

24.0 

24.0 

25.0 

24.6 

24.3 

24.2 

24.1 

24.1 

24.9 

24.5 

24-3 

24.2 

24.1 

24.1 

24.8 

24.4 

24.2 

24.1 

24.1 

24.0 
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Abstract Submitted to Clinical Research, 1976. 



ABSTEACT The response of five normal men to an intravenous infusion 
of potassium chloride was canpared at midday and midnight. Each sub- 
ject vras maintained on strict supine bedrest with oral intake limited 
to 100 ml distilled water/hour for the nine hours prior and nine hours 
post each infusion. 37 meg potassium chloride (with an added label 
of 200 pCi '^^KCl) in iso-osmolar solution was administered via a central 
venous catheter over one hour starting either at midday or midnight. 
Plasma potassium concentration was elevated by 40% more at midnight than 
at midday, and plasma activity also rose to a higher level at mid- 
night. These differences were reflected by greater T-vi/ave elevations 
of the EKG at midnight than at midday. However, urinary potassium 
excretion (total and '*®K labelled) was higher at midday than at mid- 
night indicating that there was a reduced renal excretory responsive- 
ness to elevations in plaana potassium concentration at midnight as 
ccsrtpared to midday. Plasma aldosterone concentration rose dusdng the 
potassium infusions at both midday and midnight by a similar amount 
suggesting that adrenal secretory responsiveness to plasma potassium 
elevations was not a major determinant of the differing renal response. 
These findings confirm predictions of circadian variations in potas- 
sium handling made from our previous studies of endogenous circadian 
flxixes of potassium beta*;een body corrpartments, and indicate that 
special caution must be taken in administering potassium infusions 
at night. 


INTRCOUCTIGN 


Many biodianical, ph 3 rsiological and behavioral processes demonstrate 
endogenous circadian rhythms i^ch will persist in the absence of 
environmental variation (1,2) . Ihese circadian variations appear to 
represent internally timed adaptations to environmental cbifanges which 
are predictably correlated wi.th the earth's 24 hour Cny-night cycle. 
Increasingly , the clinical significance of these internally prepro- 
granmed circadian variations is being realized. 5Ihe effectiveness 
and tcKicity of drugs (3,4), and the response to trauma (5) and to 
toxins (6) have been shown to vary predictably with the time of day. 

That man has pfoninent circadian rhythms ini urinary water and 
electrolyte excretion has been known for over one hundred years (7,8) . 
®ie independence of these circadian rhythms from day-night patterns 
of dietary intake, activity and posture has also long been recognized 
(9,i0,ll) . Recently, we have demonstrated that file urinary potassium 
rhythm represents one component of a circadian variation in potassium 
distribution between body canpartmants (12) . We found a net influx 
of potassium out of the intracellular ccmpairtment (e.g, , muscle and 
erythrocytes) into the extracellular fluid during the daytime hours 
and a net influx of potassium in the reverse direction at night. These 
fluxes were aDunterbalanced by the circadian variation in urinary 
potassium excreti<TO so that fluctuations in extracellular potassium con 
tent vjere minimized. Furthermore, these fluxes persisted despite the 
subjects being maintained on constant supine bedrest v;ith identical 
small meeils at three-hourly intervals throughout day and night. 



Frequently, rapid intravenous infusions of 40 meq potassium or more 
may be given to patients vdth clinically significant hypokalenias. 

Caution must always be exercised, however, because of the potent cardio- 
toxicity of potassium. Because of the persistefioe and the stability 
of tile circadian inberconpartmental fluxes of potassium, we undearhook 
to examine whether these circadian variations influence the way in which 
the body responds to an exogenously atininistered potassium load at 
different tines of day- tte have oortpared the effects of administering 
identical potassimi inftosions to normal volunteers at two different 
phases of the circadian cycle. 'Sie times of potassitnn administration 
chosen {midday and midnight) were those which demonstrated the maximum 
contrast in rate and direction of interccmpartraental potassium fluxes 
in our previous study. 

ME?TH0DS 

Five healthy male volunteers, aged 21-26, were studied in the Bartlett 
Intensive Care Unit of the Peter Bent Brigham Hospital. Normality was 
established by clinical history, physical ecamination, and biochemical 
screening. All subjects were non-atokers, had noimal three-hour ca.*al 
glucose tolerance tests and had signed an infocmsd consent. 

Throughout the we^ prior to the study, the volunteers were maintained 
on a strict diet which provided 100 iteq of potassium, 150 ireq of sodium, 
and 2400 calories per 24 hours. The food \v"as prepared in the dietary 
kitchens and served as three meals per day. The subjects were iticiintcdned 
on a 24-hour sleep-t^rake cycle V7ith lights on at 7 am and off at 11 pm 
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Twenty-four hours prior to the study, the volunteers were admitted 
to the Intensive Care Uiit. Under local anesthesia, a central venous 
catheter was inserted through an antecubital vein. The position of 
the tip was situated in tiie si^ierior vena cava approximately 3 cm 
above the right atrium, and this location was confirmed by chest X-ray. 
The catheter was maintained patent by a slow infusion of 0.45% saline 
at 30 itil/hr. In-.the opposite arm a heparin lock was inserted into a 
peripheral vein to facilitate blood sampling. 

Each subject was administered two identical infusions of isosmolar 
(296 mOsm/L) potassium chloride solution containing 37 meg potassium 
in 250 ml distilled water, to which was added 200 uCi of .‘'^KCl. One 
solution was infused at midnight and the other at midday, 36 hours 
later. The order of administration of these potassitm infusions was 
alternated between ea^ successive subject. 

Identical conditions for the midnight and Tiddc'ay infusions were 
maintained. For the nine hours prior to and following each infusion, 
the si±)jects were required to maintain supine bedrest with no dietari'^ 
intake, except for the hourly ingestion of 100 ml distilled water. 
Beginning at midnight (or midday) , the subjects were administered the 
potassium infusion via their central venous catheter at a constant 
rate over one hour. The slow saline infusion was interrupted for the 
length of the pc'*assium dhloride infusion. The subjects reported no 
discanfort during the course of the experiment. 

At 0, 30, 50, and 70 minutes after the start of the potassium infu- 
sion, 12-lead EKG tracings were obtained from each subject. Venous 
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blood sanples were drawn, via the heparin lock innvsdiately preceding the 
potassium infusion and at 20, 40, 60, 90, 120, and 180 minutes follow- 
ing the start of the infusion. The blood was drawn slowly without the 
use of a tourniquet or fist pumping and mixed with lithium heparin 
(100 D/100 ml) in potassium free glassware. Plasm was then obtained 
by spinning the sartple for 20 minutes at 2,700 rpm at 15 cm radius 
and respinning the supernatant plasma for 10 minutes. 

A 1 itOL aliquot of plasma was frozen at -20 °C for subsequent radio- 
immunoassay for cortisol and aldosterone in tha laboratory of Dr. Gordon 
M. Williams (13) . A second aliquot was diluted to 10 ml with distilled 
water and counted for activi-ty to a statistical accuracy of at . j 

least 1% in a Nuclear-Chicago Mark 1 Liquid Scintillation Spectroneter | 

ufjing the principle of Cerenkov radiation (14) . Counts per minutes were “ | 

corrected for quenching using a predetermined channel-ratio quench curve 
and then were corrected for jcadioactive decay. The results fron the 
second of the two infusions were corrected for the residual counts re- 
maining after the first infusion. The remaining plasm was analyzed for 
potassim and sodium concentration fay flams photcnietry (Instrumentation 
Laboratory Ifcdel 343L, I^exington, Massachusetts) using an internal lithium 
standard; for plasm glucose concentration by the Koffinan method (15) 

using Technicon Autoanalyzer (Technicon Instrument Corporation, Tarryto'*jn, | 

} 

New York) ; and for plasma osmolality by freezing point depression using 

an Advanced Instruments Model 31 Osmometer (Newton Highlands, Massachusetts) . :! 

Urine was collected in three hourly aliquots from nine hours before the 
potassium infusion until nine hours after the start of the potassium | 
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infusion. Each collection contained all urine voided during the 3-hour 
period, including a voluntary bladder emptying at the end of the period. 
Within a few minutes of collection, the volume of each 3-hour urine col- 
lection was measured. A 5 ml aliquot was removed and diluted to 10 ml 
with distilled water for liquid scintillation counting of counts 
as described abovje. A further 20 ml urine aliquot was acidified with 
two drops of 25% sulfuric acid and jrefrigerated at 4°C. Urinary po- 
tassixm concentration was estimated on the IL flame photoneter. The 
rate of urinary potassium excretion (itiaq/hr) was calculated from the 3- 
hour urine volume, the urinary potassium concentration and the time 
interval (3 hours) over which the sample was collected. 

Data Analysis. An analysis of variance (ANOVA) was performed for 
each plasma variable to partition the variance between "time of infu- 
sion” effect (i.e., midnight vs. midday), between subjects effects 
("subjects"), and between the successive sanples after each infusion 
("sanples") . Since there was no replication of each data point the 
interaction term "time of infusion x subjects x sanples” was used as 
the dencminator in the F test. Plasrta potassium, sodium, glucose, and 
osmol ali ty samples were obtained from all five subjects. Plasma 
activity and aldosterone were estimated in four subjects and plasma 
cortisol in three. These latter variables were added to the protocol 
after it became clear they would be valuable in the interpretation of 
the ejperimental findings. 



RESULTS 


Figure 1 compares the changes in plasma potassium concentration after 
the potassium chloride infusions starting at midday and midnight. 

After the midnight infusion plasma potassium concentration rose to a 
significantly higher (p<0-02) maximum level than at noon and then re- 
turned more slowly towards the baseline. Table lA gives the results 
of the AITOVA demonstrating a significant (p<0.01) time of infusion 
effect on plasina potassium concentration. 

Figure 2 shows the changes in plasma sodium, glucose and osnolallty 
after the potessium infusions at midday and midnight. There was a 
slight fall in plaana sodium and plasma glucose concentrations after 
each of the potassium infur.ions, but this was only detected as a sig- 
nificant (p<0.05) saitple effect by ANOVA for plasma sodium concentra- 
tion (Table IB) . There was no difference in the response of plasma 
sodium, glucose or osmolality between the midday and midnight infusions 
as shown by statistically insignificant ANOVA time of infusion effects 
(Tables IB, 1C, and ID) . 

The patterns of uorinary potassium excretion during the nine houis 
prior to and following the start of the potassium infusions are shown 
in Figure 3. During the nine hours immediately prior to the infusion, 

Viith subjects maintained on constant bedrest without food intake, tir inary 
potassium excretion fell progressively in the pre-midnight xirine sanples 
but rose progressively during the pre-mddday urine sartples, thus reflec- 
ting the normal circadian rhythmicity in ijrinary potassium excretion under 
externally constant conditions (12) . During the three hour urine collec- 
tion immediately following the potassiun infusion, urinary potassium 
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eccretion at midday rose to almost twice the level seen during the 
equivalent period at midnight (p<0.01) . This ocouxed despite the . 
elevation in plasma concentaration being less at midday than at mid- 
night (See Figure 1) . 

Because of the difficulty in distinguidiing between the noonal 
circadian bciseline changes in potassium distribution, and the re- 
sponses to the exogenous potassium infusion, radiocictively label led 
** 2 kci VJas added to each infusion. Figure 4 shows that the differences 
in handling of exogenously administered between midday and midnight 
are in agreement with the conclusions reached from the study of total 
potassium concentration. The plasma activity rose to a higher 
level at itdjdnight than midday and fell more slowly after the midnight in- 
fusion. The MOUA (Table lE) demonstrates that this time of infusion 

r 

effect was statistically significant (p<0.01) . The percent of the e?o- 
genously administered vdiich was excreted in the lurine in the first 
three hours sifter the start of the infusion was significantly greater at 
midday than at midnight (p<0.05) , also supporting the conclusion reached 
from the total potassium studies. 

The differences in plasma potassium concentration following the intra- 
venous potassium infusions at midnight and midday were reflected by the 
changes in the EKG patterns. Although no dangerous signs of hyperteilCTiia 
were seen, T wave elevations vi^ere observed in each subject. These eleva- 
tions were most prcminent in the chest leads V 4 , Vs, and Vs- In V 4 at mid- 
day, there was a 48 ± 13% T wave elevation, but at midnight, fciiis was 84 ± 

22%. In Vs there vras a 18 ± 3% elevation at midday cind a 52 ± 10% eleva- 
tion at midnight (p< 0 . 01 ) cind in V^ the midday elevation ms 21 ± 6 %, 
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vAiile the midnight change v/as 45 ± 14%. 

A major component of the midday-^wldnight difference in response to 
th£» potassium load was the differing renal excretory response to eleva- 
tions in plasma potassium concentration. This is illustrated in Figure 
5 where urinary potassium excretion rate is plotted against the mean 
plasma potassium concentration during the time interval over which the 
urine formed. The urine collections intervals used for each sub- 
ject were the three-hour urine sanples immediately before and inmediately 
after the start of the potassium infusions at midday and midnight. The 
points on the graph therefore represent data collected both before and 
during the elevation in plasma potassium concentration induced by intra- 
venous potassimn infusion. The slope of the relation^ip between the 
plasma potassium concentration and urinary potassium excretion was sig- 
nificantly greater (p<0.01) at midday than at midnight by covariance 
analysis. Thus, the kidneys c^peared to be much more responsive to 
elevations in plasma potassixm concentration at midday than at midnight. 

To determine whether the differences in response to the potassium in- 
fusions at midday and midnight were secondary to changes in the respon- 
siveness of the adrenal cortex, plasma cortisol and aldosterone concentra- 
tions were simultaneously determined in these experiments. Figure 6 shows 
that plasna cortisol concentration shewed a progressive fall in concentration 
th.oughout tlie midday study, but remained at low levels at midnight- This 
%oas detected as a significant (p<0.01) time of infusion effect by ANOVA 
(Table F) . Herwever, these changes were consistent with the normal circa- 
dian pattern of plasma cortisol concentration (16,17} , and probably did 


not represent a response to the potassium infusion. 

Plasma aldosterone concentration (Figure 6) 3X>se in response to the 
potassium infusion at both midday and midnight , with both the baseline 
and peak levels being higher at midday than midnight. The AKOVA demon- 
strated a significant (p<0,01) time of infusion effect (Table IG) . How- 
ever, there was no itddd^-midnight difference in the incrsnental response 
of plcisma aldosterone over pre-infusion baseline levels. When the rela- 
tionship between plasma . potassium concentration and plasma aldosterone 
was plotted by the method of Dluhy, et. al. (18) (Figure 7) , covariance 
analysis indicated a significantly different (p<0.05) mean level, but no 
significant difference in slope. Thus, there appeared to be no dif- 
ference between midnight and midday in the responsiveness of aldosterone 
secretion to a given elevation of plasrtB potassium concentration. 

DISCUSSIOSI 

In his original formulation of the concept of homeostasis. Cannon recog- 
nized that physiological systems could oscillate and that there was often 
no single steady-state point to vdiich they return after an environmen t a lly 
induced pertubation (19) . Since that time, however, there has been a 
tendency to over-sinplify the concept of hcareostasis and assume that 
identical levels of physiological function pertain at all points in the 
twenty— four hour day, provided behavorial and environmental conditions are 
similar. That this assumption is manifestly untrue has been documented in 
many hundreds of studies of endogenous circadian rhythmicity in man (2) 
and other organisms (1) . 



1‘Jhen identical isosmotic one-hour infusions of 37 meq potassium chloride 
\flere given to normal volunteers at midnight and midday there were sub- 
stanti^ differences in the physiological response. Plasma potassium 
concentration rose by 40% more at midnight than at midday despite the 
subjects at both timas being rraintained for nine hours previoiasly on 
strict supine bedrest with no oral intake except for distilled water. 

A major contributor to the differing elevations in plasma concentration 
was the renal excretory response, ^he rate of urinary potMsium excre- 
tion after the midday potassium infusion was greater, even though the 
plasma potassium concentration did not rise as high as at midnight. 

Studies with '*^K confirmed that the plasma concentration of administered 
potassium was higher at midnight, v^le the rate of urinary excretion 
of the exogenous potassium load was lower at this tire. 

' Dluhy, et. al. (18) , have shown that the rate of aldosterone secre- 
tion is highly sensitive to the plasma concentation of potassium, and 
that there is a linear relationship between the increments in plasma 
potassium and aldosterone concentration after an exogenously administered 
potassium infusion. We examined the plasma aldosterone response to 
potassium infusion at midnight and midday to determine viiiether this 
mi^t play a role in the differing renal responsiveness. Plasma aldos- 
terone oonoentration was higher throughout the potassium infusion at 
midday than at midnight, but it was also higher by a similar amount prior 
to the start of the infusion, so that the incremental rise of plasma al- 
dosterone ooncentration was no higher at midday than at midnight. This 
suggests that vhile the circadian rhythm in plasma aldosterone concentration 
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may play a role in the "setting” of the renal responsiveness to changes 
in plasTiia potassium concentration, it does not play a major role in the 
differpices in the immediate renal response to the potassium infusion 
at midnight and midday. 

This study was protpted by our previous denonstration of prcminent 

and stable circadian oscillations in potassium flux between body ocngpart- 
\ 

ments in man (12) . The most easily monitored cocrponent of these potas- 
sium fluxes, the circadian rhythm of renal potassium excretion, has 
been shown to persist despite experimental manipiiLcxtions of dietary 
intake (9-11,20), posture and loccmotor activity (12,21), and the isola- 
tion of subjects from eill external time cues (22) . Further evidence for 
the stability of these potassium rhythms in clinically-applicable situa- 
tions has been provided by Reinberg, et. al. (23) who demonstrated the 
continuance of a statistically significant urinary potassium rhythm in 
patients with drug overdose-induced ccma. 

The stability and persistence of these rhythms of potassium flux 
suggested that they might be an important consideration in the dosage 
and timing of therapies v^ich influence body potassium distribution. 

The potentially-serious cardiac effects of hypc>- and hi'perkalemia are 
well known (24) , and axe an important concern during tiie administration 
of intravenous potassium infusion. For obvious ethical reasons the 
potassium infusion used in the present study incluced changes in plcisma 
potassium concentration which .jere wall belov; tiiose causing dangerous 
cardiac effects. Yet the 40'^ higher elevation in plasma potassium con- 
centration seen at midnight versus midday moist be of concern for this 


oo^ald clearly tip the balance between toxicity and a non-serious effect. 
Greater T wave changes in the EKG were seen at midnight than at midday 
supporting this conclusion. We would therefore laooitmend that ectra 
caution be taken with the administration of potassium during the night. 
Recent evidence from our group (25 ) , indicates that the circadian 
rl^thms vhich are observed in many physiological variables are the out- 
puts of a raultioscillator system. The oonponent oscillators are situated 
in various body tis sues and appear to be internally ooi^jled ^d.th one 
another via citcadian rhythms in hormonal and nervous mediators. The 
inechanian of these circadian oscillators are as yet poorly understood. 
Recently, however, there has been increasing evidence to st:53pQrt the 
concept formulated by Njus, Sulzman, and Hastings (26) that the fun- 
damental circadian oscillator mechanism is a feedback interaction 
between transmaiibrane potassium gradients and the activity of membrane- 
located ion transport proteins. If this hypothetical scheme proves 
correct then the circadian fluxes of potassium betsveen body cells and 
the extracellular fluid itay be of more than clinical significance. 
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FIGURE IiEGENDS 

Cotiparison of the mean ± SBM changes in plasma potassiim 
concentration in response to one-hour potassium chloride 
infusions starting at midday (O) and midnight (©>) . 

2 Carparison of the changes in plasma sodium, glucose and 
osmolality in response to midd^ and midnight potassium . 
chloride infusions . 

3 Urinary potassium excretion 3cates for the nine hours 
prior to and the nine hours following the start of the 
midday and midnight potassium infusions. 

4 Plasma activity {left side) and percent of infused '*^K 
dose excreted in each urine saitple (right side) after midday 
and midnight potassium infusions. 200 y,Ci of '*^KC1 was added 
to each 37 meg potassium infusicn. 

5 Relationship between urinary potassiiam excretion and the 
nean plasma potassium concentration during the same time 
period. Least-squares regression lines were fitted 
separately to the data obtained at midnight and at midday. 

6 Plasma concentrations of aldosterone (r^jper section) and 
cortisol (lower section) during the three hours after the 
start of the potassium chloride infusions at midday and 
midnight. 

7 Relationship between plasma potassium and alctosterone 
concentrations in simultaneously collected saiiples 
during the three hours after the start of the potassium 
chloride infusions at midday and midnight. 
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TfiBLE I 

Analyses of Variance (ANOVA) for Responses of Plasma 
Variables to Potassium Chloride Infusion 

A. Plasma Potassium Con«^ntration 



DF 

SS 

lyiS 

F 

Time of Infusion 

1 

0.7459 

0.7459 

78.44** 

Subjects 

4 

0.8415 

0.2104 

22.12** 

Sanples 

5 

5.8609 

1.1722 

123.26** 

Tims of Infusion x Subjects 

4 

0.33i2 

0.0823 

8.71** 

Time of Infusion x Saitples 

5 

0.0557 

O.OlU 

1.17* 

Subjects X Sanples 

20 

0.2937 

0.0147 

1.54* 

Time of Infusion x Subjects x 





Saitples 


0.1902 

0.0095 


Total 

59 

8.3191 

0.1410 ■ 


Plasma Sodium Concentration 





Time of Infusion 

1 

0.0135 

0.0135 

0.0211 

Subjects 

4 

12.1327 

3.0332 

5.26** 

Saitples 

5 

8.5008 

1.7002 

2.95* 

Time of Infusion x Subjects 

4 

6.3240 

1.5810 

2.74 

Time of Infusion x Saitples 

5 

2.6635 

0.5327 

0-92 

Si:d3jects X Samples 

20 

14.7233 

0.7362 

1.28 

Time of Infusion x Subjects x 





Samples 


11.5240 

0.5762 


Total 

59 

55.8818 

0.9471 
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TABLE I 

C. Plasma Glucose Concentration 
Time of Infusion 
Subjects 
Sanples 

Time of Infusion x Siibjects 
Time of Infusion x Sarrples 
SubjectsL'x Baitples 
Time of Infusion x Subjects x 
Saitples 
Total 


(cont.) 

1 64.0667 64.0667 

4 227.2333 56.8083 

5 83,2000 16.6400 

4 282.1000 70.5250 

5 153.5333 30.7067 

20 214.9667 10.7483 

20 383.3000 19.1650 

59 1408.4000 23.8712 


D. Plasma Osmolality 
Time of Infusion 
•Subjects 
Sartples 

Time; of Infusion x Subjects 
Tima of Infusion x Samples 
Subjects X Sarrples 
Time of Infusion x Subjects x 
Satiples 
Total 


1 

4 

5 

4 

5 


20 


59 


5.4000 5.4000 

149.7333 37.4333 

1.7333 0.3467 

36.6000 9.1500 

5.2000 1.0400 

47.2667 2.3633 

32.8000 1.6400 

278.7333 4.7243 
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3.34 

2 . 96 * 

0.87 

3 . 68 * 

1,60 

0.56 


3.29 

22 . 83 ** 

0.21 

5 . 58 ** 

0.63 


1.44 


TABLE I (cont.) 


i 


Plasma **^K Activity 



DP 

ss (xio“®) 

MS(xl0“®) 

P 

Time of Infusion 

1 

2.5085 

2.5085 

13.28** 

Subjects 

3 

14.5146 

4.8382 

25.62** 

Sartples 

5 

97.7979 

19.5596 

103.56** 

Time of Infusion x Subjects 

3 

1.5287 

0.5096 

2.70 

Tima of Infusion x Sanples 

5 

0.4171 

0.0834 

0.44 

Subjects X Saitples 

15 

6.6873 

0.4458 

2.36 

Time of Infusion x Subjects x 





Sanples 


2.8331 

0.1889 


Total 

47 

126.2872 

2.6870 


Plasma Cortisol Concentration 




1 


DP 

SS 

MS 

F 

Time of Infusion 

1 

83.4438 

83.4438 

27.23** 

Subjects 

2 

52.7957 

26.3979 

8.61** 

Sait5>les 

6 

114.5629 

19.0938 

6.23** 

Time of Infusion x Subjects 

2 

103.7462 

51.8731 

16.93** 

Tima of Infusions x Sandies 

6 

49.8295 

8.3049 

2.71 

Subjects X Sanples 

12 

57.3743 

4.7812 

1.56 


Time of Infusion x Subjects x 


Satiples 


ii 36.7705 
41 498.5229 


3.0642 


Total 


12.1591 
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TABLE I (oont.) 

G. Plasnna Aldosterone Concentration 


Tine of Infusion 1 
Subjects 3 
Sandies 6 
Tima of Infusion x S\±)jects 3 
Tima of Infusion x Sanples 6 
Subjects X Sairples 18 
Time of Infusion x Subjects x 

Sartples 18 
Total 55 


* 5= p < 0.05 


84.2802 

84.2802 

10.34** 

271.9520 

90.6507 

11.13** 

644.2975 

107.3829 

13.18** 

9.0020 

3.0007 

0.37 

47.1011 

7.8502 

0.96 

160.5468 

8.9193 

1.09 

146.6518 

8.1473 


1363.8314 

24.7969 



= p < 0.01 





HOURS AFTER START OF INFUSION 




UkV 

mEq/hr 
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SUMMftKf 


The circadian timing system in primates consists of an organization 
of multiple oscillators in various tissues internally synchronized through 
hormonal and neural coupling. To test the specif iciig^ of the circadian 
rhythm of plasma cortisol concentration as a synchronizing mediator/ 
adrenalectomizedf cdiair-acclimatized squirrel monteys (Sairoiri sciureus) 
were studied. With each monkey isolated in constant light (600 lux) , a 
pulse of 10 mg co3±isol was administered via a chronically inplanted venaos 
caiiieter at 08:00 hr daily. The circadian rhythm of roial potassium 
excretion was entrained to a 24 hr period by the cortisol rhythni/ but 
■the circadian rhythms in feeding and body temperature were not synchronized 
by cortisol. These findings demonstrated that the plasma cortisol rhythm 
acts as an internal synchronizer of renal potassium excretion, but plays 
no role as a general hojmonal coupler of circadian oscillators. Further- 
more, the oscillators which ccsiprise the circadian timing ^stem would 
appear to be arranged in a hierarchical organization so that -the feedback 
action of cortisol on the pituitary-adrenal axis does not synchronize -the 
entire circadian system. 


IKTEODUCriaSI ^ 

Many biological processes are not constant during the 24 hour day, but 
instead esdiibit regular diurnal variations. ^’Jhen tsamoral cues fran the 
environinent are removed, these diurnal variations may persist with a period 
of about 24 hours, and hence have been termed circadian rhythms. Their per- 
sistence in the absence of tecnpcaral information f ran the environment implies 
that there is an etiiagenous system within the organian that is iresponsible 
for timing these events. Although diverse biochemical, physiological and 
behavorial processes within an ani mal have been ^own to simultaneously 
exhibit circadian rhythmicity, little is known about the nature of organiza- 
tion of circadian timing ^stsns, especially in. catplex higher organisms such 
as primates. 

Several different lines of esperiraental evidence suggest that the circadian 
timing systan is ccaposed of a grorp of oscillators which are normally coupled 
with one anoi±er. There are many reports that isolated tissues maintained 
in vitro can demonstrate circadian rhythmicity. These include hamster adrenal 
glands (Andrews and Folk, 1964) ; rat liver cells (Hai:deland, 1973) ; human red 
•blood cells (Ashkenazi, ^ a]^. , 1975) ; Aplysia neural tissue (Strumwasser, 1971; 
Jadklet and Gercnimo, 1971) ; Drosphila salivary glands (Rensing, 1969) ; and 
spider neurosecretory cells (Eowler and Goodnight, 1966) . There is also evidence 
that these tissue oscillators can becone imcoupled and free run with different 
periods within the organism. Such- spontaneous internal desynchronization has 
been observed in human (Aschoff, 1965) and non-human primates (Sulzman, et , 
in preparation) . 


I 

These data inclicate that the circadian timing system in higher animals 
consists of several potentially autoncsnous oscillators vihich are normally 
coupled together to provide internal synchronization. The internal 
synchronization of the oscillators vri.thin the organism is presumably 
acocHpli^ed through neural and hormonal pathways, but as yet, fev? of 
these pathways have been identified. 

Circadian rhythms in plasma cortisol concentration and urinary 
potassium excretion are normally synchronized wi1±i the light-dark cycle 
and with other diurnal rhythms in mammals. Recently, Moore-Bde (1974) 
has shaei that plasma cortisol is a mediator involved in ^chronizing 
. the circadian rhythm of urinary potassium excretion in the squirrel 
monkey. If the phase of the plasma cortisol rhythm is artificially 
changed by administering cortisol to adrenalectanized monkeys so that 
the peak in plasma cortisol concentration is later than it is in the , 

intact animal, then the timing of the maximum rate of potassium excretion 
is also phase delayed by a similar amount. 

Since cortisol has widespread effects on many body tissues (Thotpson 
and Lippman, 1974) , it is possible that cortisol pl^s a general role as a 
• synchronizer in the circadian timing ^stan. The specificity of cortisol as 
a moriia-Hn-r in the squirrel irarikey was studied by examining -whether -the circa- 
dian rhythm of plasma cortisol ooncen-tration is also capable of synchronizing 
the rhythms of body tenperature and feeding behavior in the absence of environ- 
mental time cues. 






METHODS 


Animal Preparatdoii 

Adult squirrel monkeys ( Saimiri sciureus) were used in these 
e:^)erinnsnts. ^ese small (500-800 g) daytime active South American 
primates were trained to accept restraint in a metabolism chair within 
a ta^)erature-<»nt3?olled isolation chamber for up to three weeks, The 
metabolism chair, v&ich has been previously described by Moore-Bde and 
Hferd (1976) permits the simultaneous measurement of many physiological 
and behavorial variables. 

Bilateral adrenalectoty was performed on the monkeys. They were 
fasted overnight, peroperatively prepared with 0.2 cc of 4% Atrophine 
Sulfate solution intramuscularly and then anesthestized with Halothane 
in oasygen (Moore-Ede, 1974) . The monkeys were allowed at least two . 
weeks . to recover fron the operation before being studied in any eaiperi- 
msnt. Once adrenalectcsnized, the animals were routinely maintained with 
20 mg cortisol (cortisone acetate, Merck, Sharp and Dohrae) intramuscularly 
at 08:00 hr daily. 

Venous catheters were chronically iitplanted in each moidcey. The 
catheters were inserted in the internal iliac vein using a sterile op- 
erative procedure tinder Halothane anesthesia. The distal end of the 
catheter was led out under the skin to the monkey’s back, and the external 
end of the catheter was closed using an obturator. The catheters were 
protected by placing a light nylon mesh jacket on the monkey. Otherwise,' 
the animal was allowed freedom of movement. The catheters could be main- 
tained for six months or more by flushing them with 0.9% saline solution 
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daily. During the experiments the catheters were linked to extension ^ 

tubing which passed outside the Isolation chamber. Each day, 10 cc of 
0.45% saline solution was continuously infused by an infusion purtp 
{Harvard' Apparatus, Model 1991) . Hormones, such as cortisol, could be 
administered intravenously through the catheter without disturbing the 
animal. 

Experimental Protocol 

During experiments the animals 't'Jere placed in the metabolisa chair 
in the isolation chanibar where ±he environmental tSEnperatnre was itain- 
tained at 28 ± 1®C. For at least 3 control days lighting was provided 
on a light-dark cycle with 600 Itix from 08:00 to 20:00 hr EST, and <1 lux 
from 20:00 to 08:00 hr EST {LD 12:12). After the control ID days, the 
animal was placed in constant light (ID) of 600 lux for the remainder 
of the experiment. Frcati 08:00 to 09:00 hr EST each day of the eiqf^rditient 
(LD and ID) , 10 mg of cortisol (hydrocortisone sodium succinate, Upjohn) 
was infused into the animal via the venous catheter frau outside the chamber. 
Thus, during the ID phase, the only 24 hourly input to the monkey was the 
• .cortisol pulse, with all environmental zeitgebers held at constant levels. 

Data Collection and Analysis 

Urinary potassium excretion and feeding were measured using previously 
described methods (Itoore-Ede, 1974) , and colonic taiperature was monitored by 
inserting a rectal thermister (YSI Model 401) in the monkey. The teitperatiare was 
recorded on a Grass Distruments Polygraph Recorder. The terperature data, 
collected at hourly intervals, %'jas digitized from the paper record. 
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iinalysis of significant periodicities in the various simultaneously 
monitored circadian oscillating functions (feeding, body tanperature, and 
urinary, potassium) , were undertaken using a program developed by Dr. J.A. 
Runmal of the Johnson Spaceflight Center, Houston, Texas in collaboration 
with Dr. Franz Halberg of the Chronobiology Laboratories of the Universiiy 
of Minnesota. This program (Runmel, et. al., 1974) undertakes a ocrabined 
linear-nonlinear least squares iterative period analysis by a method 
based on the Marquardt algorithm. This procedure is pai±icularly useful 
in detecting multiple frequencies in time series data and distinguishing 
* faeti'jeen than even \/diai the periods are very close. Each period of the 
spectrum can be satisfactorally evaluated for significance, and long data 
trains can be very readily analyzed. For our analysis, the spectral window 
size was 0.5 hr and thus the limit of resolution of these periods was 


± 0.25 hours. 
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RESULTS 

Figure 1 shows the results from one adrenalectonized monkey for two days 
of ID and then eight days of constant light (LL) . Dn ID, virtually elLL of the 
feeding was confined to the light period. Body tengerature began to rise about 
2 hours before the lights came on and reached a relatively constant plateau 
during the day. During the dark phase, the tenperature fell to a level of 
about 2®C lower thdn the average terperature during the light phase. The 
maximum rate of urinary potassium occurred during the day and was about twice 
the minimum rate of urinary potassium excretion during the night. 

When the animal is placed into constant light these three functions 
continued to oscillate with circadian periods. ®ie periodic ccsiponents 
from the LL portion of this experiment were analyzed as described in the 
Methods section. This enabled the rhythms entrained to 24.0 hr period of 
cortisol administration to be differentiated frcm the free-running rhythms 
with periods not equal to 24.0 hr. The period spectra obtained from this 
analysis are shown in Figure 2. In the bottoa three sections the amplitude 
of the period corponents of the spectra are plotted, and in the top section 
.of the figure, the statistical significance (p) is given for each period 
ccnponent. The only significant {p < 0.01) period for the feeding rhythm 
was at 25.0 hr. The body teiT.perature rhythm had tsJo major conponents at 
24.5 hr and 27.0 hr and minor ccitponent at 20.0 hr. The urinary potassium 
rhythm showed a dcminant period of 24.0 hr, with tvra smaller amplitude 
significant canponents of 15.0 hr and 21.0 hr. 


The results of f"sll the experiments we have run following" this protocol 
are listecl in Table I. The 24.0 hr cortisol acbdnistration cycle entrained 
the rh 3 /thcn of vjrinaay potassium excretion to a predominant 24.0 hr peadLod 
in each* of the four experiments. The rhythms of feeding and colonic taa- 
pi^rature were not entrained to the cortisol administration cycle as shewn 
by the non-24.0 hr period in seven of "the eight cases, Mdi-tionally, "Idiere 
ware no ndnor period coitpcaients of "these spectra at 24,0 hr. 


DISCUSSION 


The circadian rhythms of feeding, colonic tei^ierature and urinary 
potassium excretion of adrenalectonized monkeys provided with daily 
cortisol infusions at 08:00 hr EST in ID were found to be similar to the 
rhythms in intact monkeys (MooreHSde, 1974) . Furthermore, in the present 
62 ^>eriinents we have sbo>^ that the dally administration of cortisol at 
08:00 hr EST is a sufficient zeitgeber to synchronize the circadian rhythm 
of xarinary potassium excretion to a 24 hour period in adrenalectonized 
squirrel monkeys maintained in constant enviromnental conditions without 
other time cues. Hiis strongly supports the earlier report of Moore-Ede, 
et al. (1976) that cortisol is not only a mediatar of that rhythm, but also 
the dominant ^nchronizer. However, cortisol is not a sufficiently strong 
zeitgeber to entrain the rhythms of feeding and colonic tenopecature. 

These data provide some information about the internal circadian 
organization of the squirrel monkey. As suggested in the Introduction , this 
circadian organization is most adequately described as a multioscillator 
^tem. alternative multioscillator itodels \diich are conpatible with 

previous experinental evidence have been proposed by Moore-Ede, ^ (1976) 

and these are diagramtically represented in Figure 3. In Model A, there is a 
central circadian pacanaker idiich can be entrained to environmental time 
cuss. This pacanaker synchronizes the various potentially-independent 
oscillators throughout the body. The peripheral circadian oscillators are 
normally synchronized by the caitral pacemaker via circadian rhythms in 
neural activity and/or hormonal concentrations. In Model B, there is no 
single central pacandcer. Instead, internal synchronization within the 


ocganism is maintained by mutual feedback coupling of mediators between the 
separate oscillating units. Each of these two models can account for tte 
occurrence of internal desynchronization where different rhythmic functions 
show independent periods within the same organism. 

In the hierarchical schstief Model K, artificial manipulation of a 
mediator would affect only the rhythms in the pathways under direct control 
of that mediator, .in contrast in the non-hierarchical ^steia (Model B) , 
mediators may influence (through feed back interaction) other rhythms vhich 
are not directly controlled by that mediator, Ohe results of this study show 
that the manipulation of crarhisol, a mediator of the circadian rhythm of 
. urinary potassium excretion, results in the synchronization of that rhythm, 
lhat cortisol does not entrain the rhythms of feeding and body terpesrature 
supports, at least in part, the hierarchical model of internal circadian 
organization (Model A) . 

it is interesting to note that within an experiment, the periods of 
the body teiiperature and feeding rhythms were not always synchronized with 
each other, differences in periods may reflect the occurrence of 

internal desyiichronization as has been observed in intact squirrel monkeys 
(Sulzman, et. al., in preparation). On the other hand, although we have 
shCTfln that cortisol does not synchronize these rhythms, it is a very potent 
agent with widespread effects at many sites throughout the body (Uicnpson 
and Lippman, 1974,'* . It is therefore possible that the interaction between 
the inposed 24 hr period of plasma cortisol concentration and the free 
running oscillators causes the differences in periods. 

In addition to the specific results v;e have obtained frcm these 
esperiments , the protocols we have developed should allow us to examine the 
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role that other hormones play in tiie internal organisation of the circadian 
systen, She administration of agents via chronically inplanted catheters 
\diich extend outside of the isolation chamber permits rigid control of 
tai^Doral information. Ohese techniques allow total control over the teip- 
orcil profiles of different hormonal mediators, and thus various hormones can 
be screened for their involvement in circadian timing systems. 




Periods of Rhythms in LL witJi Cortisol Daily at 08:00 hrs 



** =p<0.01 

* =P<0.G5 


t 





Figure 1 

Persisting circadian variations of one aniinal in feeding (top) , 
body tsiiperature (middle) and urinary potassium excretion 
(bottom) for fa'TO days in ID 12:12 (lights on 08:00 - 20:00 hr EST) 
and then eight days in LL, Feeding is plotted as the number of 
food pellets consumed per two hourly interval; body tetiperature 
is in °C; and urinary potassium excretian is ea^ressed as micro 
equivalents of potassium excreted per hour. 


Figure 2 


Period ^c±ra for the data shewn in Figure 1. 2he three bottan 
panels represent the anplitude of the spectral cotponents froti 
10 to 30 hours for the rhythms of feeding activity (A), body 
tertperature ‘ {B) , and urinary potassium excreticfn (C) . ®ie top 
three panels shaiz the statistical significance for the period 
cenponents in the spectra. 
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Figure 3 

Altematdve multdoscillator models of the circadian timing ^stem. 

Both represent networks of cellular ^stens (a./ B, C, etc.) which 

are potentially ind^jendent oscillators. Oscillating levels of 
% 

mediators 'vb, V;, etc.) transniit tenporal information through 
the network in a hierarchical (Model A) or nan-hierarchical (Model B) 
fashion, m Model A, the various rhythms are entrained to the 
environrnent.'.through the output (p) of a pacemaker (P) . Model B 
has no single pacemaker and thus environmental inputs may directly 
affect separate oscillatory systems. 
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— H but produced no apparent change in To in animals in LD, 


fall in Tr observed in LL occured with the onset of the cold 
pulse and Tg^ recovered to its previous level when was re- 
turned to control levels. These findings indicate that the 
free-running state is associated with not only a change in the 
waveform of the rhythm, hut also some major alterations in .the 
thermoregulatory capability of the squirrel monkey. 
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CIRCADIAN TIMING SYSTEM IN MAN: PHYSIOLOGY AND 

PATHOLOGY OF AN ORCANIZATION OF MULTIPLE 

' SYNCHRONIZED OSCILLATORS 

^ Martin C. Moore Ede 

Department of PUysioloRy, Harvard Medical School* 
Boston, Massachusetts 02115, U.S*A« 

Man* like all other animals, has a circadian 
timing system which is capable of time measurement 
in the absence of environmental time cues. This 
intrinsic timing system plays an important role In 
the control of both behavioral and physiological 
functions. This presentation will discuss the 
evidence which has led us to propose that the cir- 
cadian system in man is composed of an organisation 
of multiple oscillators in various tissues. In 
this system* internal synchronization between the 
various spontaneously oscillating units is main- 
tained through hormonal and neural coupling. It 
will further be shown how this understanding of 
circadian organization provides Insights into the 
probable aetiology of functional disorders of the 
circadian system. 

The circadian rhythms which have been demon- 
strated in several hundred physiolo'^l jal variables 
in man represent the most easily moritored outputs 
of the circadian timing system. When circadian 
rhythms in several diverse physiological variables 
are monitored simultaneously in any human subject, 
the monitored circadian rhythms are usually ob- 
served to have constant internal phase relation- 
ships and identical periods, whether they are syn- 
chronized with environmental time cues or free 
running in constant environmental conditions. 
Although such internal synchronization could be the 
result of a single clock driving all circadian os- 
cillations, several lines of evidence indicate that 
it is instead the product of an internally synchron- 
ized multiple oscillator system. For example, spon- 
taneous internal desynchronization has been occa- 
tlonally reported in man, with the various monitored 
rhythmic functions oscillating with Independent 
frequencies within the same individual. Similarly, 
it has been possible to maintain human cells in 
vitro and demonstrate persistent circadian rhytiimi- 
city in constant conditions. Neither of these ob- 
servations is compatible with a single oscillator 
model* 

How then is internal synchronization normally 
maintained between the various potentially-lndepen- 
dent tissue oscillators? Studies using a non-human 
primate have demonstrated that the rhythmic outputs 
of certain hormones act as internal mediators (or 
zeitgebers) synchronizing the circadian oscillators 
in peripheral tissues. In man* too* there is now 
good evidence to suggest that the circadian rhythm 
of plasma cortisol, for example, serves this func- 
tion in the internal synchronization of circadian 
rhythms in renal function. Phase-shifting the time 
of cortisol administration causes a phase shift in 
the circadian rhythm of potassium excretion in 


adrenalectomized patients* and the continuous ad- 
ministration of adrenal stcrlods with no circadian 
oscillation results In the appearance of a free 
running rhythm of urinary potassium excretion* now 
desynchronized with other circadian functions in 
the subject. Further evidence indicates that the 
synchronization process Involvos a phase control 
by cortisol which is comparable to the relation- 
ship between environmental zeingebers and the 
circadian system. 

This recognition of the anatomical and phy- 
siological nature of the circadian timing system 
has aided in the analysis of the pathophysiology 
of the circadian system. Spontaneous internal 
desynchronization, which has been associated with 
deteriorations in performance* the symp Coma to logy 
of *lcc lag', and possibly the reduced life span 
resulting from repeated exposure to environmental 
phase shifts, can now be understood as the un- 
coupling of spontaneous oscillators in the circa- 
dian system. We have proposed that this internal 
desynchronization could be due to circadian , 

arrhythmias in key hormonal mediators. 

In an Initial evaluation of this hypothesis* 
we have examined situations where internal desyn- 
chronization has been shown to occur. These in- 
clude exposure to stress, psychopathology and 
ageing. An investigation of the amplitude of the 
circadian rhythm in plasma cortisol concentration, 
a known circadian mediator, indicates that in all 
these situations there is a tendency the cir- 
cadian periodicity to become obscured, thus re- 
ducing the mediator's effectiveness in internal 
synchronization. This proposed mechanism clearly 
needs further critical analysis, but it indicates 
the importance of determining the anatomical and 
physiological organization of the system as a 
basis for understanding its role as a behavioral 
determinant , and its pathology. 
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CIRCADIAN VARIATION IN INTRAVENOUS POTASSIUM TOLERANCE. Martin C. 
Moore-Ede, Michael M. Meguid, Garry Fitzpatrick. Margaret R. Ball^, 
and Caryl M. Boyden” , Department of Surgery, Harvard Medical School at 
the Peter Bent Brigham Hospital and Department of Physiology, Harvard 
Medical School, Boston, MA. 

The response of five normal men to an intravenous infusion of potas- 
sium chloride was compared at midday and midnight. Each subject was 
maintained on strict supine bedrest with oral Intake limited to 100 ml 
distilled water/hour for the nine hours prior and nine hours post each 
infusion^ 37 mEq potassium chloride (with an added label of 200 pCi 
'*^KC1) in iso-osmolar solution was administered via a central venous 
catheter over one hour starting either at midday or midnight. Plasma 
potassium concentration was elevated by 40% more at midnight than at 
midday, and plasma activity also rose to a higher level at mid- 
night. These differences were reflected by greater T-wave elevations 
of the EKG at midnight than at midday. However, urinary potassium 
excretion (total and **^K labelled) was higher at midday than at mid- 
night Indicating that there was a reduced renal excretory responsive- 
ness to elevations in plasma potassium concentration at midnight as 
compared to midday. Plasma aldosterone concentration rose during the 
potassium infusions at both midday and midnight by a similar amount 
suggesting that adrenal secretory responsiveness to plasma potassium 
elevations was not a major determinant of the differing renal response. 
These findings confirm predictions of circadian variations in potas- 
sium handling made from our previous studies of endogenous circadian 
fluxes of potassium between body compartments, and indicate that 
special caution must be taken in administering potassium infusions at 
night. 
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